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The  methods  used  to  determine  the  shimmy  characteristics  for  a landing  gear 
in  the  design  stage  (jf  on  airplane  can  vary  from  a simple  rigid  tire  repre- 
sentation to  a detailed  nonlinear  representation  including  variations  in  tire 
chai'acter Istlcs  as  a function  of  fluid  pressure,  tmd  variation  in  strut 
friction  as  a fmctlon  of  gear  load  and  strut  stroking  velocity.  Testing 
varies  from  running  over  a two  by  four  placed  on  the  runway  for  the  purpose 
of  excltint,  tlie  nose  gear  in  a shimmy  mode  to  dynamomenter  testing  using  a 
feedback  control  oscillatory  drive  system  to  excite  the  gear  at  various 
controlled  torsional  frequencies  and  amplitudes.  The  ].atter  test  technique 
provides  data  for  determining  shimmy  margins  under  test  conditions  used  to 
simulate  gear  degradation  with  age.  There  are  various  nnalytical  and  test 
techniques  whose  capabilities  lie  between  the  aforementioned  extremes. 

Even  though  gears  have  performed  satisfactorily  early  in  their  service  life, 
some  have  become  cVironlc  shlmmiers  us  they  age.  This  chim(;e  is  usually 
attributed  to  wear  in  the  gear  which  causes  on  increase  in  backlash.  Inas- 
much us  most  shimmy  evaluation  techniques  do  not  provide  a means  of  assess- 
ing margins,  luid  adequate  estimates  of  the  degradation  of  gear  partuneters 
affecting  shimmy  may  not  he  made,  u clear  understanding  of  the  susceptibil- 
ity of  gears  to  shlimiiy  is  not  established. 

'nierefore,  the  performance  of  tui  ideal  shimmy  suppression  system  should  not 
be  affected  by  the  gear  aging  process.  Some  of  the  parameters  that  cun 
change  during  operation  from  the  values  originally  expected  Include: 

0 Backlash  increase  from  wear  of  torque  arm  attachments, 

trunnions,  steering  collar,  and  steering  actuator  linkages. 


0 Increase  In  damper  fluid  air  entrapment 


o Heduction  in  strut  bearing  friction  caused  by  reduced  nose  gear 
load  attributed  to  an  oft  shift  in  operational  oenter-of-gravlty 
position. 

o Change  in  tire  stiffness  characteristics  to  accommodate  airplane 
grovth  and/or  changes  In  the  operational  center-of -gravity  posi- 
tion. 

unless  adequate  allowance  Is  made  for  these  parameter  changes,  which  may  not 
be  pi'actlcal  In  the  development  of  a passive  damper,  eventually  shimmy  may 
occur. 

The  nature  of  active  control  systems  Is  such  that  they  may  be  Independent 
of  some  of  the  aforementioned  parameter  changes  and  It.  may  be  practical  to 
provide  means  of  adjusting  the  system  to  accommodate  the  more  permanent  para- 
meter changes.  Accordingly,  while  an  active  antlshlmmy  system  may  yield  a 
more  complex  gear,  the  potential  for  providing  shimmy  fren  operations  through- 
out the  lifetime  of  the  alrpl,  ne  mahes  development  and  evaluation  of  such  a 
system  quite  attractive. 

In  order  to  assess  the  practicality  and  performance  potential  of  active 
shimmy  control,  the  present  research  program  was  initiated.  The  objective 
of  l;hls  program  is  to  develop  a breadboard  version  of  an  active  shimmy  control 
system  for  the  T-37  nose  gear,  ‘rhls  particular  gear  was  chosen  because  of 
its  long  history  of  shimmy  problems  in  service.  The  program  Is  conducted  In 
four  phases.  Phase  I consists  of  obtaining  a T-37  nose  gear  from  the  Air 
Force  Flight  Dynamics  laboratory  (APFDL)  and  measuring  certain  gear  charact- 
eristics pertinent  to  shimmy  behavior,  IXirlng  Phase  11,  an  analytical  model 
of  an  active  shimmy  control  system  is  developed,  and  analyses  are  performed 
to  determine  a specific  control  scheme.  In  Phase  III,  a breadboard  version 
of  the  contro.l  system  is  designed  and  built.  'Hie  landing  gear  is  also  In- 
strumenbed  for  shimmy  testing.  IXirlrig  Phase  IV,  the  active  shjmmy  control 
system  la  tested  on  the  19?  l-'ich  dyiiEunomenter  at  AFFDL's  Landing  Gear  'lest 
r'licill  ty. 


iju/ vi'a; 


ANALmCAL  MODEL  DESCRIPTION 


Goneral 

Both  the  paesive  and  active  nose  gear  shimmy  models  are  Incorporated  into 
one  Continuous  System  Modeling  Program  (CSMP)  digital  computer  program 
utilizing  computer  graphics  display  and  interactive  operation.  The  T-37 
nose  landing  gear  is  modeled  as  a multiple  lumped  mass  system  with  four, 
torsional  degrees  of  freedom  (about,  the  strut  mIb)  and  one  lateral  degree 
of  freedom  with  a VJan  Schllppe  tire  model  (Reference  1) . The  active 
shimmy  control  system  utU.ize8  axle  torsional  acceleration  feedback,  signals 
to  control  the  steering  actuator  displacement.  Figure  1 shows  a 
drawing  of  the  T-37  nose  gear  with  the  essential  mechanical  elements  identi- 
fied. vn^en  the  axle  rotates  about  the  strut  axis,  the  wheal  fork  transmits 
this  motion  via  the  torque  arms  to  the  bottom' of  the  outer  cylinder.  The 
outer  cylinder  rotates  inside  the  trunnion  yoke,  which  attaches  to  the  air- 
plane at  the  trimnlons.  The  top  of  the  outer  cylinder  Is  attached  to  the 
steering  actuator  housing  (cylinder)  while  the  steering  actuator  piston  is 
attached  to  the  trunnion  yoke. 

Torsional  Degrees  of  Freedom 

The  analytical  model  for  the  torsional  degrees  of  freedom  is  shown  In 
Figure  a.  The  unsprung  mass  ITH  Is  connected  to  the  ground  via  the  tire 
(described  later)  and  Is  connected  to  the  outer  cylinder  inn.  through  the 
torque  arms  of  stiffness  KTII  with  backlash  Dill.  Piston-outer  cylinder 
friction  CP  damps  motion  across  the  torque  arm  backlash  DTH  and  Btl.t'fness  KTO. 
The  outer  cylinder  ITHl  Is  connected  to  the  actuator  housing  lAL  with  spring  KOC, 
representing  the  stiffness  of  the  outer  cylinder,  In  series  with  backlash 
DAL, hepre sent Ing  the  deadband  at  the  actuator  housing  to  outer  cylinder  con- 
nection. Friction  CF  la  the  friction  between  the  outer  cylinder  and  the 
trunnion  yoke  in  which  It  rotates.  The  trunnion  yoke  is  connected  to  tlie 
fuselage.  ITH2  reprei'ents  local  fuselage  3truct\ire  which  is  connected  to 
the  "rigid"  airplane  through  the  fuselage  stiffness  KF.  DF  is  a linear 
damper  representing  fuselage  structural  damping. 
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CA  is  the  steering  nctnator  friction.  BH,  BL  end  lOVLP, shown  in  Flt^re  ?, 

are  used  only  for  the  passive  system.  BH  and  BL  are  hydraulic  (velocity 
squared)  and  linear  shimmy  damper  constants,  and  KALP  is  the  stiffness  of 
the  hydraulic  fluid  column  in  the  actuator.  For  the  active  system,  the 
force  genei’ated  in  the  steering  actuator  is  computed  from  a detailed  servo- 
valve /actuator  model  shown  only  as  a hox  in  Figure  2.  In  the  active  model, 
the  feedback  signal,  after  passing  through  a gain  control  circuit,- is  sent 
to  the  actuator  which  generatee  the  steering  actuator  force  PKAL.  The  active 
system  controls  the  actuator  displacement  ALT2  shown  in  Figure  2. 

Lateral  Degree  of  Freedom 

The  analytical  model  for  the  lateral  degree  of  freedom  is  shown  in  '’''Igure  3» 
Laterally,  the  gear  is  assumed  to  he  a rigid  "pendulum"  rotating  about  a 
fore-aft  axis  located  H inches  above  the  axle  centerline.  Thle  lateral 
rotation  is  resisted  by  a linear  torsional  spring  KPR, representing  combined 
gear  lateral  flexibility  and  local  fuselage  flexibility.  Acting  in  parallel 
with  KPH  is  a linear  damper  BPH  representing  the  structural  damping  In  the 
gear  and  local,  fuselage  stn;cture.  The  torsional  backlash  DEI  is  in  series 
with  the  spring  and  damper  ei\d  depicts  retatlonal  deadband  from  the  lateral 
piston-cylinder,  cylinder-trunnion  yoke,  and  trunnion-fuselage  Joints.  The 
landing  gear's  lateral  rotational  inertia  is  IPH. 

The  axle  centerline  Is  located  aft  of  the  strut  centerline  by  the  mechani- 
cal trail  L.  If  the  strut  is  inclined  (forward  at  the  bottom),  then  the 
tire  forces  at  tVie  ground  contact  points  are  located  aft  of  the  axle  center- 
line by  the  geometric  trail  LO.  Tlie  geometric  trail  is  related  to  the  roll- 
ing radius  R and  the  strut  Inclination  Euigle  p by  the  relation 

LG  » R sln/3  (1) 

Also  shown  in  Figure  3 are  the  positive  sign  conventions  (right  hand  rule 
for  rotatlonss)  for  axle  torsional  rotation  TH,  gear  lateral  rotation  HI, 
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PiaURE  3 " lATKRAL  MODE  MODEL 
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tire  force  and  moment  I'TU  and  MU,  ge-ir  moments  FK  fxnl  FCP  find  airplane  for- 
ward velocity  V.  Qyroscoplc  and  inertia  coupling  terms  between  the  lateral 
and  torsional  modes  through  L are  included  in  the  model. . The  coupled 
dynamic  ec^uations  of  motion  for  the  lateral  and  torsional  degrees-of -freedom 
are  shown  below.  In  each  equation^  the  second  term  represents  inertia 
coupling  end  the  third  term  repreeente  gyroscopic  coupling. 

IPH  (PHDD)  - M (L)(H)  (THDD)  - I | I'HD  +L  |FZ-M((1)|  TH  + BER  (EHD)  + KPH(PH) 
+ (W(H)  - (H+R)  FZ|  eh  - (H+R)  n {2)^ 

ITH  ('THDD)  - M(l)(h)  (EHDD)  + 1 | ERD  + L(FT)  - MT  + PCP  + PK  - 0 (3)4» 

Tire  Model 

The  tire  lateral  force  and  moment  are  calculated  according  to  a dynamic 
model  developed  by  Von  Schlippe  (Reference  1).  This  employs  the  "etretched 
string"  representation  for  the  tire  equator,  which  takes  on  the  deflected 
shape  shown  in  Figure  4.  Figure  4 shows  a view  looking  down  on  the  tire  con- 
tact patch,  with  forward  airplane  motion  to  the  right.  Z.  arid  Z are  the  tire 
equator  lateral  deflectione  at  the  forward  and  aft  ends  of  the  contact  patch. 
Referring  to  Figure  4,  the  tire  force  and  moment  are  given  simply  by 


FT  « 

KT  (Z  t a) 

(4) 

MT  ■ 

KM  (Z  - Z) 

(5) 

where  WT  » 

K lateral 

(6) 

2 

and  KM  ■ 

K toieional 
"TTffsl — 

(T) 

K lateral  and  K torsional  ore  the  lateral  and  torsional  tire  stiffnesses, 
While  KT  and  KM  ore  the  correepondlng  input  parametere  to  the  computer  pro- 
gram. For  this  study,  K lateral  and  K torsional  ore  determined  by  using 
empirical  equations  from  Reference  (2). 

The  tire  deflections  Z and  2 are  determined  from  the  tire  equator  coordi- 
nates y and  ■?  and  the  location  of  the  wheel  center  plane  in  terms  of  gear 
motions  PH  and  TH.  The  following  equations  for  Z and  S can  be  derived  by 
inspection  of  Figure  4. 

Z - Y - (HS-L-LQ)  TH  - (H  + R)  PH  (8) 

a ^ 1.  * (HS  1.  + LO)  TH  - (H  + r)  PH (9) 

# PHD  - __^(PH),  HIDD  - ^ (PHD),  TliD  - "^(TH),  THDD  - (THD) 

8' 
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FIGURE  1*  - !nRE  MODEL 


'rhe  Von  Vjtihl'Ippe  tire  theory  (Reference  (l))  develops  the  klneirutic  con- 
Btrulut  equations  for  Y and  Y.  Tlie  details  uxe  not  presented  herej  however, 
the  resulting  differential  equations  governing  Y and  Y are 

(so)  ^2  + Y - (so  + HS-L-t.0)  TH  + (H  + R)  PH  (lO) 

and  ? (t)  - y (t  - 2^)  (11) 

YD  Is  the  time  derivative  of  Y.  Equations  (lo)  and  (ll)  provide  the  tire  model 
with  its  dynamic  properties,  i.e.,  the  effective  tire  stiffness  and  damping 
vary  with  velocity  and  shimmy  frequency.  The  yawed  rolling  relaxation  length 
SCl  and  half-footprint  length  US  are  determined  empirically  from  Reference  (2), 

Active  System  Model. 

The  active  shimmy  ty/;trol  system  for  the  T-37  nose  gear  consists  of  the 
following  major  el  utirt;,  is: 

(1)  An  electro-hydraulic  servovalve  attached  to  the  existing 
steering  cylinder 

(2)  A torsional  accelerometer  mounted  on  the  wheel  fork  to 
measure  axle  torsional  acceleration 

(3)  An  electronic  signal  shaping  and  gain  control  network  to 
convert  the  accelerometer  output  into  the  desired  feed- 
back signal  for  tfie  servovalve. 

Fl(.:^re  [5  shows  u schemntlc  diagram  of  the  T-3’7  steering  actuator.  The 
servovalve  for  the  active  system  Is  connected  to  the  existing  steering 
actuator  through  a coupling  manifold  which  connects  directly  to  existing 
ports  in  the  steering  cylinder.  Figure  5 shows  where  the  coupling  mujil- 
fold  connects  to  the  steering  cylinder.  For  the  purposes  of  breadboard 
system  testing,  the  passive  dtunplng  orifices  ore  plugged  and  the  existing 
spool  valve  is  fixed  relative  to  the  actuator  housing.  Nose  gear  steei'lng 
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FIGURE  3 
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for  the  shlrmny  tests  is  acconipllehed  through  electrical  commands  to  the 
active  system. 

The  analytical  model  for  the  servovalve  and  steering  actuator  combination 
is  shown  in  Tigure  6,  In  this  model,  the  Input  ALT2C  le  the  electrical 
feedback  control  signal  obtained  from  the  signal  shaping  and  gain  control 
network.  The  spool  valve  electrical  Input  signal  XI  is  the  difference  be- 
tween the  control  signal  ALT2C  and  the  actual  measured  actuator  position 
response  ALT2  (see  Figure  2).  The  spool  valve  opening  X2  is  the  result  of 
XI  passing  through  a second  order  filter  representing  the  spool  valve  dyna- 
mic response.  The  output  of  the  servovalve  is  the  fluid  flow  rate  which 
is  X9  in  Figure  6.  This  flow  rate  is  proportional  to  the  valve  opening  X2 
as  modified  by  a valve  opening  amplitude  limiter  (X3). 


Valve  flow  rate  degradation  with  load  pressure  is  modeled  by  the  following 
eiiuation  which  is  characteristic  for  the  type  of  flow  control  servovalve  be 
Ing  used. 


■h-  ■{ 


(12) 


Q is  the  output  flow  rate  X?,  X2  is  the  spool  valve  opening,  p,  is  the  sys- 
tem supply  pressure  and  Is  the  load  pressure.  In  Figure  6,p,  is  X5  and 
Pj^  is  X6,  which  is  related  directly  to  the  actuator  force  PKAL.  The  flow 
rate,  due  to  piston  motion,  XIO  (directly  related  to  the  actuator  velocity 
ALT2D)  is  subtracted  from  the  servo  flow  rate  X9,  yielding  the  load  flow 
rate  Xll.  This  is  the  flow  rate  due  to  fluid  compressibility.  The  inte- 
gral of  this  term  times  a constant  K3  yields  the  actuator  force  PKAL,  Which 
physically  feeds  back  Into  the  system  through  K5  to  yield  X6  which  is  the 
load  pressure  p^^.  The  k6  inner  feedback  constant  represents  valve  leakage. 


The  net  effect  of  this  system  is  to  control  the  displacement  ALT5  in  accor- 
dance with  the  input  signal  ALT2C,  below  the  cutoff  frequency  of  the  actu- 
ator model  as  controlled  by  K7»  The  "output"  ALT2  is  related  to  the  input 
command  ALT2C  by  a 3st  order  filter  whose  time  constant  Is  determined  by  K7 
in  addition  to  the  2nd  order  response  of  the  servovalve  (X2/Xl). 


FIGDHE  6 - SERVOTALyS  - ACTU«5!0R  ®DEL 


Constiints  IQ  tb.rouKli  art  cliosen  so  ue  to  nondln.ensi onalize  the  actuator 
model  "internal"  response  variables  XI  througli  Xll.  Ilius,  u value  oi.'  1 J'or 
X2  represents  full  scale  spool  valve  travel^  1 for  XI;  represents  system 
supply  pressure  Pb  and  1 for  X9  represents  the  rated  flow  capacity  of  the 
servovalve . 

Tlhe  analytical  model  for  the  active  system  feedback  gain  control  and  signal 
shaping  network  is  shown  in  Figure  7«  THDD  is  the  calculated  uxle  torsional 
acceleration  (the  second  derivative  of  lH  shown  in  Figux’e  2).  ITils  passes 
through  a second  order  filter  representing  the  dynamic  response  of  the  tor- 
sional accelerometer,  yielding  TIIMDD  (measured  acceleration),  A direct  low 
gain  path  through  the  constant  GISMAL  provides  the  primary  feedback  signal 
SMON.  An  additional  nonlinear  high  gain  path  yielding  UTCIGN  is  provided. 
'Briis  signal  path  has  a gain  of  GIBIG,  which  is  typically  chosen  3-4  times 
greater  than  OloMAL,  but  its  output  is  of  limited  magnitude.  BIGGK  and 
SMGN  are  summed  to  provide  the  feedback  signal  XC.  'llho  purpose  of  this 
network  is  to  provide  high  effective  feedback  gain  on  XG  for  low  magnitude 
WIMDD  (when  BIOGN  dominates  SMGN  because  GIBIG  is  much  greater  than  G1SMA.L), 
and  to  yield  a low  effective  gain  of  GISMAL  for  large  amplitude  THMDD  (when 
the  limiter  on  BIOGN  diminishes  Its  magnitude  relative  to  SMGN),  The  model 
also  provides  for  u first  order  filter  on  niMDD  to  reduce  tlie  signal  noise 
content,  and  a switch  bo  completely  remove  the  nonlinear  high  gain  path  if 
desired  (leaving  only  the  linear  feedback  gain  GlSMAl). 

llie  output  XC  from  the  gain  control  network  is  then  either  used  directly 
for  the  Input  to  the  servovalve  as  ALTPC  (See  Figure  6),  or  may  be  routed 
through  a firat  order  leud-lug  elgnul  shaping  netvrork  wliose  output  is  then 
AT/PSCP. 


A complete  listing  of  the  analytical  model  equations  of  motion  is  eontuined 
in  Appendix  D, 


14 


PARAMETTER  DEJPEMtNATIOl'T 


general 

Parameter  moaeu.'n  .ont  tests  ware  performed  pti  the  T-37  nose  gear  to 
determine  stiffnesses.  Inertias,  frictions,  backlashes  and  passive  shimmy 
damper  performance.  Table  1 contains  a definition  of  all  the  Input  para- 
meters of  the  analytical  model.  Table  2 lists  the  parameter  values  used  In 
the  analyses,  and  Indicates  the  sources  for  the  data.  A dash  In  the  "E^fTEIND- 
FD"  column  means  the  parameter  value  Is  the  same  as  for  the  mid  position.  An  (X)  In 
the  column  "DESION  VAR"  In  Table  2 means  that  the  parameter  is  a design 
variable  for  the  active  control  system.  The  values  shown  for  these  para- 
meters represent  a baseline  active  system  design  chosen  from  a number  of 
candidate  designs.  In  particular,  It  should  be  noted  that  the  lead-lag 
signal  shaping  network  la  not  used  In  the  baseline  system.  The  dynamic 
ohai-acteristlcs  of  the  aervovalve  and  torsional  accelerometer  are  taken 
from  catalogue  data  for  off-the-shelf  hardware.  The  calculations  of  actuator 
constants  K3,  KU,  K5  and  k6  utilize  geometric  data  physically  measured  on 
the  actuator  and  gear,  In  addition,  K1  through  k6  all  Involve  data  peculiar 
to  the  particular  servovalve  chosen,  specifically  its  rated  flow  and  system 
operating  pressure. 

The  following  aubsectlons  present  detailed  dlscueslons  of  the  methods  of 
measuring  the  physical  gear  parameters  and  the  passive  steering  actuator 
performance. 

1.  Lateral  and  Torsional  Stiffness  - KPH.  ICTH  and  KPC 

The  nose  gear  assembly,  Includlnc  the  drug  strut,  was  hung  in  the 
AFFDL-supplied  test  fixture  and  suspended  in  a structuraJ  steel  frame- 
work as  shown  In  Figures  8 and  9*  The  gear  was  loaded  both  laterally 
and  In  torsion  by  means  of  weights  on  a cable  passing  over  a pulley  at 
the  side  of  the  test  framework  (not  shown  in  Figures  8 and  9).  Dial 
gages  mounted  to  a vertical  extension  of  the  gear  holding  fixture  were 
used  to  measure  deflections  and  rotations.  The  stiffness  measurements 
were  made  with  a solid  link  replacing  the  steering  actuator. 
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mBLE  1 - INPUT  PARAMETER  DEFINITION,  ACTIVE  SHlMivfl  MODEL 


UNITS 


IN-#/RAD 

in-#/rad 
-#/rad 
-#/rad 

-#/RAD 


1N-#-SEC^ 

#-SE(J2/IN 


IN-// 

IN-#/# 

IN-// 


BH  IN-#/(RAD/5EC^) 
BL  IN-#/( rad/sec  ) 
BP  IN-#/(RAD/3E!C  ) 

BPH  IN-///(RAU/sEC  ) 


OIBIO 

OI3MAL,  ^ 

TTODIM  BAD/SEC‘ 


H IN 

VK  KNOTS 

FP.  // 


DESORIPTION 


Lateral  rotational  etlffnese  (■  IT  K latera].). 
Torsional  stiffness  - axle  to  bottom  of  outer  cyl. 
Torsional  stiffness  - fuselage 
Torsional  stiffness  - bottom  to  top  of  outer  oyl. 
Torsional  stiffness  -steering  actuator 


Ijateral  rotational  inertia 
Torsional  inertia  - Wheel, tire, fork, piston,  i 
torque  arm 

Torsional  Inertia  - Outer  cylinder,  # torque  arm 

Torsioobl 'inertia  - Fuselage 

Torsional  inertia  - Steering  actuator  cylinder 


Polar  moment  of  inertia  of  vheol  tt  tire 
Mass  pf  wheel,'  tire  It  axle  (used  w/mech..  trail  for 
inertia  coupling) 

Total  unsprung  weight 


Piston  - cylinder  friction  - Coulomb 
Piston  - cylinder  friction  per  unit  side  load 
Friction  between  outer  cylinder  It  trunnion  yoke  - 
Coulomb 

Friction  between  outer  cylinder  b ti'unnlon  yoke  per 
unit  side  load 

Coulomb  friction  in  steering  actuator 


Backlash  in  torque  arme  (total  freeplay  ■ S DTH) 
Backlash  in  steering  actuator  (total  freeplay  » 

P DAL) 

Lateral  rotational  backlaeh  (total  freeplay  ■ PDPH) 


Passive  hydraiO.ic  damping  In  steering  actuator 
Passive  viDcouB  damping  In  steering  actuator 
Viscous  equivalent  of  fuselage  structural  damping 
In  torsion 

Viscous  dan.plng  of  gear  lateral  rotational  mode 


High  gain  for  THDD 
Low  gain  for  THUn 

Limit  amplitude  of  THDD  for  high  gain 


Mechar.ical  trail  of  axle  aft  of  strut  centerline 
0«om»*tric  trail  of  tire  contact  patch  center  aft  of 
strut  centerline  Intereeotloi-  with  ground  plane 
Haight  of  lateral  rotation  point  of  gear  above  axle 
Airplane  forward  velocity 
Vertical  loud  on  nose  gear 


TABLE  1 - INRJT  PAI^AME1?ER  D15F1NITI0N , ACTIVE  CTOMMY  MODEL  (CONT'd) 


■ FAIHAMETEF 


FI 

PP 

TAUFIL 


IN 

IN 

IN 

#/lN 

#/rab 


i/rad 


K3  IN-LDS 


(rad/ SEC)' 

j 

1 ! K5 

( IN-LBS) “■ 

k6 

(IN-LB3)“- 

K7 

- 

' ZETAA 

OMIilOAA 

RA'D/sKO 

ZETAS 

' OMHIOAiJ 

IUd/CI'IC 

DESGRIFTION 

Tire  rolling  radius 
Tire  relaxation  length 
Tire  half  footprint  length 
fTlre  lateral  stiffness )/2 
(Tire  torsional  stiffness )/21IS 


Time  conotunt  for  .lead  term  in  signal  shaping  network 
Time  constant  for  lag  term  in  signal  shaping  network 
Time  constant  for  filter  on  axle  acceleration  signal 

Servovalve  constant  converting  input  signal  In  radians 
to  normalized  valve  spool  position 
Servovalve  pressure  gain 

Fluid  compressibility  conotunt  converting  nondlmenslonal 
compresssed  fluid  volume  to  steering  actuator  moment 
Lt.eering  actxmtor  constant  relating  actuator  velocity  to 
nondlmenslonal  flow  rate 

Steering  actuator  constant  relating  actuator  moment  to 
nondlmenslonal  load  pressure 
.Steerl,ng  actuator  normalized  leakage  flow  constant 
Control  loop  negative  feedback  gain  constant 

Dumping  ratio  for  second  order  model  of  ucoelerometer 
Natural  frequency  for  second  order  model  of  accelerometer 
Dnmpint'  ratio  for  second  order  model  of  servovalve 
Natural  frequency  for  second  order  model  of  servovalve  ■ 


Li.Vi.  Up 


'll' , r ■ u: 

fiiJj.-.'A.-I  lliia.-  • ,1  ;■  ..-iv’  I.  - 1.  ■ 


TABLE  2 - INPUT  PARAJffiTER  VALUES  (CONTM) 


PARAMETER 


ZETAA 

OMEOAA 

2ETAS 

OMEGAS 


1 GEAR  POSITION 

DATA  SOURCE  | 

MID 

EXTENDED 

REP 

(3) 

REP 

(3) 

CALAC 

TESTS 

DESIGN  VAR. 

.114 

33.3 
2.62E6 
.114 

.000412 

4.2E-6 

31.4 


.7 

679.6 

•6 

1000 


.48 
.164 
36.875 
0 - 100 
650 


R 

6.96 

7.53 

X 

SG 

6,649 

2.563 

X 

HS 

3.131 

1.961 

X 

KT 

203 

225 

X 

KM 

845 

251 

X 

TABLE  S Footnotea 

1 Csilculated  from  fuselage  stiffness  In  Ref,  (3)  and  assumed  natural 
frequency  of  30  Hz. 

2.  Value  shown  for  passive  system;  lAL  « O.O58  for  active  system  due 
to  added  weight  of  servovalve  and  manifold 

3 Calculated  using  structural  damping  ratio  of  4^ 
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'riie  steering  actuator  puouive  etiffnese  KALI’  given  iu  Table  ? wus 
obtained  from  the  vSteering  Actuator  Output  Impedance  testa  described  in 
the  subsection  of  the  oame  title.'  The  value  shoiwi  represents  the  actuator 
stiffness  under  dynamic  conditions  with  cavitation  in  the  actuator, 

'Chis  is  considered  the  most  representative  condition  for  shimmy. 

'Lateral  Rotational  Inertia,  - IPH 

Tiie  lateral  rotational  Inertia  was  calculated  hy  svispending  the  gear 
assembly  from  a known  toroloii  rod  spring  and  measuring  the  undamped 
nuturiil  frequency.  The  gear  assembly  (minus  the  drag  strut)  was  sus- 
pended with  Its  lateral  plane  horleontal  and  its  oenter-of-gravlty 
directly  under  the  torsional  spring  centerline.  The  c.g,  location  was 
measured  relative  to  the  yoke  and  trunnion  axis, 

4.  Torsional  Inertia  - ITH  and  ITKI 

The  inertia  of  the  rotating  assembly  (less  steering  lictuator)  was  cal- 
culated from  u measured  undamped  natural  frequency  and  spring  rate  with 
the  vuiit  svispended  from  a torsion  rod  spring  with  the  steering  rod.s 
directly  lusder  the  torsion  rod  cocls. 

5*  steering  Actuator  Inertia  - lAl. 

The  inerti.u  was  calculated  using  a meusui'ed  weight  of  the  actuator 
assembly  less  u calculated  piston  rod  weight  (net  weight  - P,B6  lb.) 
and  using  an  effective  lover  arm  from  the  steering  axis  of  ;'!,0  In, 

0,  Total  Utiapning  Weight  - W 

'The  gofu’  assembly  was  disassembled  and  the  components  that  move  verti- 
cally were  wei^i;hed.  (The  lower  brass  bearing  wue  not  easily  removable 
so  Its  weight  was  calculated  and  subtracted  from  the  total  meamired.) 

7*  Plston/Cyllnder  Prlction  - CP  ■ , 

The  fcoi'slon.al  frictldn  of  the  piston  inside  the  outer  cylinder  vus 
measured  with  the  gear  hanging  li  the  test  frame  as  shown  In  Figure  9, 


The  scissor  linkage  was  disconnected  hy  removing  the  quick  release  pJiit 
A spring  scale  was  used  to  measure  the  force  required  at  the  end  of  the 
scissor  arm  (6,5  inch  lever)  to  rotate  the  fork  assembly.  The  outer 
cylinder  was  restrained  from  turning  by  replacing  the  steering  actuator 
with  a solid  link. 

The  measurement  was  repeated  at  various  side  loads  up  to  115  I'b*  "by 
hanging  weights  on  a cable  over  a pulley  at  the  side  of  the  test  frame- 
work, The  strut  was  In  midposition.  The  friction  Increased  nonllnear- 
ly  with  Increasing  side  load,  A plot  was  made  and  an  average  slope 
utilized  giving  results  within  + 1%,  with  a side  loud  betwesn  0 and 
190  3-b. 

8,  Outsr  Cylinder  Friction.  - CT 

The  outer  cylinder  friction  was  measured  by  removing  the  steering 
actuator  ond  centering  springs  and  measuring  the  torque  as  above. 

Side  load  produced  no  detectable  change  In  friction.  Since  the  outer 
cylinder  rotates  on  ball  bearings  within  the  trunnion  yoke#  this 
friction  Is  very  small  relative  to  the  plston/cyllnder  friction. 

9,  Steering  Actuator  Friction  - CA 

The  actuator  friction  about  the  steering  axil  was  calculated  from  the 
linear  actuator  friction  lond  the  effective  radius. 

10,  Backlash  In  Steering  System  - Pni  and  DAL 

The  rotary  backlash  In  the  various  components  of  the  system  was 
measured  by  mounting  dial  gages  from  the  test  fixture  to  measure 
deflection  at  the  end  of  a lever  arm  (5*5  Inch  radius) > attached  to 
each  of  the  components.  The  relative  motion  at  each  Joint  was 
calculated  from  the  difference  In  dial  gage  readings. 

Included  in  the  total  steering  actuator  backlash  (DAL)  were  two 
sour  :es  of  freeplay;  (l)  the  backlash  In  the  two  pins  attaching  the 
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actuator,  and  (2)  the  backlash  In  the  keyed  connection  between  the 
outer  cylinder  and  the  collar  around  it  to  which  the  steering  actuator 
is  mounted. 

I 

11 . Lateral  Backlash  at  Wheel  - PEAT 

In  addition  to  the  torsional  angular  backlash  as  measured  above,  a 
linear  lateral  backlash  was  measured  at  the  wheel  axle  location.  A 
dial  gage  was  used  to  measure  position  directly.  The  value  shown  In 
* : Table  2 corresponds  to  the  Intersection  of  the  linear  load-deflection 
curve  with  the  deflection  (x)  axis. 

12.  Steering  Actuator  Damping  Constwits  - BH  and  BL 

The  damping  constants  were  obtained  from  the  Steering  Actuator  Output 
Impedance  tests  described  In  the  subsection  having  the  same  title.  The 
results  Indicate  that  a linear  damping  constant  represents  the  observed 
results  better  than  a hydraulic  (velocity  squared  )constant. 

13.  Axle  Trail  - L 

The  strut  fork  positive  trail  was  measured  by  aligning  the  steering 
pivot  axis  vertically,  measuring  the  horlsontol  position  of  the  axle 
relative  to  the  test  fixture,  and  then  rotating  the  axle  l80°  about 
the  steering  axis  and  repeating  the  measurement. 

Steering  Actuator  Output  Impedance 

The  T-37  nose  landing  gear  steering  actuator  was  mounted  in  a test  fixture 
with  an  electro-hydraulic  driving  servo,  as  shown  In  Figure  10.  The  Instru- 
mentation recorder  and  supporting  electronics  for  Instrumentation  and  driv- 
ing servo  loop  closure  are  shown  in  Figure  11.  Force  and  displacement  sig- 
nals for  impedance  measurements  were  routed  to  a central  data  system  for 
processing  and  presentation. 

The  testa  consisted  of  using  the  drive  serr^o  to  generate  sine  waves  of 
steering  actuator  output  piston  position  at  amplitude  of  0.0^  inches  and 
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+ 0,15  in*  over  a freq,uency  range  of  1 to  50  Hz.  The  steering  actuator 
spool  volve  was  fixed  with  respect  to  the  actuator  hody,  and  the  body  was 
mounted  in  the  test  fixture  with  a bracket  having  a spring  rate  of  approxi- 
mately 150,000  Ib/ln.  The  steering  actuator  was  in  the  normal  "power  on" 
configuration. 

For  each  displacement  and  drive  frequency^  position,  derived  rate,  and 
force  data  were  obtained  following  signal  stabilization.  Typical  results 
at  1,  10  and  25  Hz.  are  shown  in  Figures  12  to  l4.  The  force  and  displace- 
ment signals  were  further  processed  to  obtain  fundamental  sine  wave  compon- 
ents and  effective  amplitude  ratio  and  phase  shift  to  produce  the  Bode  plots 
shown  in  Figures  15  and  I6,  The  dotted  lines  on  these  figures  represent  a 
linear  approximation  to  the  amplitude  ratio  data.  For  these  approximate 
Qurves,  the  break  frequency  is  taken  at  the  45  degree  phase  lag  point,  and 
the  slope  of  the  curve  below  the  break  frequency  is  6 DB  per  octave. 

The  test  data  indicates  that  very  little  damping  is  available  from  the 
steering  actuator  at  frequenoles  above  approximately  5 to  10  Hz.,  depending 
upon  ampllbude,  because  at  these  frequencies  the  force  approaches  an  in- 
phase  relationship  with  displacement,  with  magnitudes  of  2000-5000  lb, /in. 
This  low  effective  spring  rate  makes  it  impossible  for  the  actuator  to  sup- 
port the  Internal  orifice  dumping,  and  the  actuator  Impedance,  therefore, 
levels  off,  as  a function  of  frequency,  at  the  effective  spring  rate. 

Cavitation  was  suspected  as  the  cause  of  the  low  spring  rate  characteristic, 
since  the  steering  actuator  does  not  have  onti-cavltation  valves.  Because 
of  the  time  delay  In  the  formation  of  a stable  flow  through  the  orifice, 
there  is  Insufficient  hydraulic  fluid  to  fill  the  cavity  created  when  the 
piston  is  pushed  away  from  the  fluid  on  one  side  of  the  piston.  The  pres- 
sure on  that  side  Instantaneously  drops  to  a sufficiently  low  pressure  to 
cause  the  air  dissolved  in  the  fluid  to  come  out  of  solution.  Successive 
cycles  of  piston  motion  result  in  more  air  coming  out  of  solution  until  a 
stabilized  hydraulic  fluld-alr  mixture  li  achieved  producing  the  low  effec- 
tive spring  rate. 
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To  InveBtlgnte  the  cavitation  theory,  a transient  recording  was  made  starting 
at  the  initiation  of  oyollng  Inputs  at  10  Hz.  to  the  steering  aotV;iator»  The 
result  la  shovn  in  Figure  17  ’rtiloh  Indicates  a higher  Initial  Impedance  decay- 
ing to  the  lover  stahlllzed  Impedance.  The  tost  vas  then  repeated  with  the 
steering  actuator  spool  valve  biased  out  of  neutral  position  to  create  a 
q.ulescent  load  pressure  end  v\ssoolated  damping  orifice  flow  thro^  the 
spool  valve.  The  time  history  for  this  test,  starting  with  the  Initiation 
of  cycling  inputs,  is  shown  In  Figure  l8.  In  this  case,  the  stabilized  Im- 
pedance Is  higher  (approximately  15,000  lb,/ln.),  and  the  oavlti(tlou  theory 
would  Indicate  that  the  spool  valve  can  now  support  a portion  of  the  flow 
requirement  to  prevent  as  complete  a collapse  of  spring  rate  as  that  ob- 
served when  the  spool  valvs  vas  In  neutral. 


The  same  test  fixture  and  supporting  electronics  for  the  Impedance  tests 
were  used  for  the  response  tests.  Spool  valve  Input  and  actuator  output 
signals  were  routed  to  the  Rye  Canyon  Central  Data  System  for  proeesslng 
and  presentation. 

The  tests  consisted  of  using  the  drive  servo  to  generate  a sine  wave  of 
steering  actuator  spool  valve  position  with  respect  to  the  actuator  body 
and  measuring  the  actuator  piston  position  with  rsspect  to  the  body.  The 
steering  actuator  was  in  the  normal  "power  on"  configuration  and  the  output 
load  was  negligible.  For  each  test  condition,  spool  valve  Input  position, 
and  piston  derived  rate  were  obtained.  Sample  time  traces  are  shown  in 
Figures  19  and  20  for  various  test  conditions. 

Run  1 shows  the  small  signal  spool  overlap  region  and  Indicates  a deadband 
of  approximately  +0.008  in.  spool  travel.  Run  4 shows  the  large  signal 
response  characteristic  in  Which  a spool  valve  over-travel  condition  is 
reached  In  one  direction  with  the  output  rate  decreasing  to  zero  for  in- 
creasing spool  valve  travel.  Run  3 shows  an  Intermediate  drive  amplitude 
with  0.19  In.  peah-to-peok  valve  travel  producing  20  in. /sec.  peak-to-peak 
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piston  rate.  Note  the  gross  non-linear  gain  characteristics  of  the 
piston  rate  response.  Run  P shows  the  response  at  a slightly  reduced  spool 
valve  travel  of  0*17  in*  peak-to-peak  vhloh  produces  only  4.6  in. /sec.  peak- 
to-peak  piston  rate.  This  was  the  maximum  spool  valve  amplitude  at  which  a 
reasonably  linear  response  could  be  obtained. 

Figure  21  shows  a Bode  plot  of  output  piston  rate  with  respect  to  input 
valve  position  in  the  linear  region  of  operation  (0.16  in.  peak-to-peak 
spool  valve  travel).  The  response  is  well  behaved  with  approximately  5 CQ 
attenuation  and  4^  degrees  phase  lag  at  46  Hz. 

The  above  test  data  indicates  an  extremely  non-linear  gain  characteristic  at 
output  rates  above  +2.3  In/seo  and  a significant  threshold  characteristic. 
Both  effects  are  undoubtedly  caused  by  the  shaping  of  the  spool  valve  flow 
characteristic.  The  linear  region  of  response  corresponds  to  approximately 
+ 87  dag. /sec.  of  gear  rotational  rate  or  + O.56  deg.  (.01  radians) 
at  25  Hz.  Since  the  active  shimmy  controller  must  operate  at  larger  rates 
to  be  effective,  and  since  closing  the  shimmy  controller  loop  around  an 
extremely  non-linear  rate  characteristics  is  not  practical,  It  is  concluded 
that  the  active  shimmy  controller  cannot  be  Implemented  using  a modulating 
piston  stage  for  driving  the  present  actuator  spool  valve. 

The  best  alternati.ve  approach,  without  modifying  the  actuator  spool  valve, 
appears  to  be  a configuration  in  which  on  electro-hydraulic  valve  Is  used 
to  directly  port  flow  to  the  steering  actuator  piston  in  parallel  with  the 
spool  valve.  Such  on  approach  presents  certain  problems  In  synchronization 
hydraulic  interaction  with  the  spool  valve,  valve  null  offsets,  tmd  failure 
modes,  but  is  felt  to  be  satisfactory  for  investigating  the  potential  for 
active  shimmy  control  in  this  experimental  program. 
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AmLYTICAL  RESULTS 

Qeneral 

The  types  of  foedbaok  invoetlgated  for  the  control  signal  ALT2C  all  Involve 
using  some  form  of  THD  (tocle  torsional  velocity).  The  objective  is  to 
control,  tho  actuator  (iisplaoement  ALTS  in  phaie  with  the  axle  velocity 
TOD,  resulting  in  actuator  forces  acting  on  the  axle  (via  the  outer  cylinder 
and  torque  arms)  which  oppose  THD  motion.  Of  the  systems  investigated,  the 
simplest  Whs  selected.  It  uses  the  overall  actuator  loop  as  a pseudo- 
integrator of  a control  signal  ALT2C  that  is  Just  the  direct  output  TODD 
(times  a gain  01)  from  the  accelerometer.  This  results  in  the  actuator 
displacement  ALT2  being  in  phase  with  axle  velocity  TOD  at  frequencies  well 
above  the  cutoff  frequency  for  the  actuator  loop.  To  achieve  the  desired 
phase  for  ALT2  (in  phase  with  THD,  or  logging  THDD  by  90  deg,)^  at  a shimmy 
frequency  of  around  I6  Hz,  the  actuator  loop  cutoff  frequency  Is  adjusted 
(via  K7  in  Figure  6)  to  about  5 Hz,  With  the  loop  set  to  5 Hz  and  the  sys- 
tem operating  at  16  Hz,  the  loop  contributes  73  deg.  of  phase  log,  and 
the  accelerometer  and  servovalve  together  add  about  17  deg,,  giving  the 
desired  90  deg,  lug  of  AIiT^  relative  to  THDD,  Therefore,  at  the  shimmy  fre- 
quency of  16  Hz  the  active  system  forces  the  actuator  displacement  AITS 
to  bo  in  phase  with  the  axle  velocity  THD. 

At  lower  operating  frequencies  the  actuator  displacement  logs  TODD  by  less  than 
90  deg,,  and  ut  higher  frequencies  by  more  than  9O  deg.  The  system  will  only 
be  operat-Jjig  at  frequenclee  other  than  the  s*  ..my  frequency  when  it  is 
driven  by  u cyclic  disturbance  such  us  wlieel  Imbalance.  For  the  T-37  nose 
wheel  and  tire  in  the  static  position,  the  relationship  between  airplane 
velocity  fxnd  the  resulting  driving  frequency  from  wheel  Imbalance  is 

f ■ 0.U6  V (13) 

where  f is  the  driving  frequency  in  Hz  and  V is  the  airplane  ground  speed 
in  knots.  From  the  above  equation  it  can  be  seen  that  on  airplane  ground 
speed  range  of  10  to  100  knots  results  in  wheel  imbalance  driving  frequen- 
clee from  h,6  to  46  Hz,  or  roughly  5 to  50  Hz.  Since  the  amplitude  of  the 
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moment,  due  to  wheel  Imbalance,  ia  proportional  to  the  velocity  aquared, 
velocity  Inputs  below  3 knots  are  no  problem  with  any  reasonable  Wheel  Im- 
balance (less  than  10  times  the  normal  imbalance). 

Figure  shows  a phase  diagram  for  an  active  system  tuned  to  5 He , The 
vectors  shown  in  the  diagram  ore  rotating  clockwise  at  the  system  operating 
frequency.  The  phase  relationship  between  actuator  displacements  (AIJTS) 
and  axle  velocity  THD  ore  shown  at  system  response  frequencies  of  3» 
and  30  Ha, 

At  3 Hz  the  actuator  displacement  leads  THD  by  bO  deg.,  and  at  30  Hz  it  lags 
by  k6  deg.,  while  ALT2  Is  In  phase  with  THD  at  I6  Hz.  Therefore,  tuning  the  system 
for  optimum  performance  at  the  shimmy  frequency  of  I6  He  (the  system  will 
oscillate  at  this  frequency  If  given  an  Impulsive  disturbance),  results  In 
acceptable  performance  over  a broad  spectrum  of  cyclical  disturbance  fre- 
quencies. The  phase  lags  from  the  servovalve  and  accelerometer  prevent 
reducing  the  phase  angle  differences  resulting  from  on  operating  frequency 
range  of  3 to  30  Hz. 

This  active  system  without  ony  lead-log  signal  shaping  and  with  nonlinear 
gain  control  constitutes  the  baseline  active  shimmy  control  system.  The 
results  obtained  with  the  lead-log  network  are  very  similar  to  those  with 
the  baseline  system.  The  purpoee  of  the  lead-lug  eystem  le  to  provide 
feedback  elgnol  amplitude  attenuation  at  high  frequencies  ( >30  He),  while 
retaining  the  desired  gain  at  lower  frequencies  (10-20  Hz)  corresponding 
to  the  shimmy  response  frequency.  Although  there  appear  to  be  only  slight 
boneflte  In  system  etablllty  to  be  obtuJ  ned  from  the  lead-lag  network,  It 
la  Included  In  the  breadboard  model  to  provide  greater  signal  ehaplng  flex- 
ibility during  ehlmmy  teetlng  of  the  eyetem. 


utilizing  the  pazzlve/aotlve  system  model  and  parameters  delineated  in  the 
previous  section,  the  performance  of  the  baseline  active  system  is  compared 
with  that  of  the  basic  passive  gear.  Two  typiss  of  input  disturbing  func- 
tions are  used  to  excite  the  gear.  One  is  an  initial  torsional  angular 
velocity  ('nflD)at  the  axle  at  time  zero.  No  driving  force  is  involved; 
the  system  dynamic  equations  are  solved  with  an  imposed  initial  condi- 
tion on  axle  angular  velocity.  This  type  of  excitation  simulates  the  im- 
pulsive type  of  driving  force  that  is  used  in  most  shimmy  bests,  where  the 
force  usually  comes  from  an  olr  blast  applied  to  the  wheel  rim.  An  initial 
condition  of  THD  ■ 5 rad/ sec  is  used. 

The  other  type  of  excitation  used  is  wheel  imbalance.  With  a single  wheel 
gear  this  would  not  tend  to  excite  shimmy  motions  if  the  imbalance  were 
symmetric  about  the  Wheel  center  plane.  However,  if  the  imbalance  corres- 
ponds to  a weight  located  at  the  wheel  rim  on  one  side  only,  the  result  is 
a sinusoidal  driving  moment  both  in  toibsion  (TH)  and  lateral  bending  (PH), 
the  two  being  90  deg»  out  of  phase.  The  magnitude  of  the  driving  force  is 
proportional  to  the  imbalance  and  varies  with  the  square  of  airplane  forward 
velocity  (or  Wheel  angular  velocity).  A wheel  imbalance  about  the  axis  of 
wheel  robation  of  10  in-oz  is  used,  assuming  all  this  imbalance  is  due  to 
one  weight  located  at  the  wheel  rim  on  one  side  only.  This  magnitude  of 
imbalance  is  slightly  greater  than  that  normally  allowed  in  service 
for  this  size  of  wheel  and  tire. 

Figure  23  shows  the  comparison  of  the  active  and  passive  systems  for  an  im- 
pulsive type  of  input,  with  the  landing  gear  at  mid  extension.  The  limit 
cycle  amplitude  of  oscillation  of  TH  (axle  torsional  motion)  obtained  1s 
shown  plotted  against  airplane  forward  velocity.  The  passive  gear  is  well 
behaved  below  UO  knots;  between  Uo  and  80  knots  the  limit  cycle  amplitude 
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rises  rapidly,  and  above  00  knots  the  passive  gear  is  unstable. 
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In  comparison,  the  active  gear  shows  u dramatic  reduction  in  response  ampli- 
tude at  velocities  above  UO  knots  to  well  beyond  the  ground  operating  velo- 
cities of  the  T-37  airplane.  The  slightly  higher  active  system  response  at 
velooitles, between  5 and  30  knots  Is  considered  of  no  consequence  because 
the  amplitudes  are  still  well  below  the  total  torslona],  backlash  (DTH  +DAL), 
shown  as  a horizontal  Una  In  Figure  23*  This  mild  hump  In  the  low  velocity 
region  response  of  the  active  system  ci\n  bo  eliminated  by  either  reverting 
to  a passive  system  at  low  velooitles  or  by  reducing  the  feedback  gain  to 
zero. 

Figure  2k  shows  the  same  comparlaon  for  the  gear  In  the  extended  posi- 
tion. Below  80  knots,  the  passive  gear  is  slightly  more  stable  in  the 
extended  position  than  In  the  mid  position.  This  Is  due  to  the  tiro  input 
moments  being  much  leas  with  the  gear  fully  extended,  As  shown  in  Table  II , 
the  tire  torsional  stiffness  parameter  KM  In  the  extended  position  ( bl're 
vertical  load  « 2001b.)  Is  only  2?1  compared  to  845  vlth  the  gear  In  the  mid 
position  (vertical  load  ■ 6 50 lb.) .Although  the  susceptibility  of  the  gear  to 
shimmy  is  greater  In  the  fully  extended  position  because  of  its  lower  tor- 
sional stiffness  and  greater  backlash,  the  greatly  reduced  tire  torsional 
stiffness  more  than  compensates  for  these  effects.  Again  the  active  system 
shows  cleoj'ly  superior  performance  at  oil  velocities  above  4o  knots,  stabil- 
izing vrtiat  would  be  an  unstable  passive  gear. 

The  comparison  between  the  active  and  passive  gears  sub^lected  to  Wheel  Im- 
balance is  shown  in  Figures  ?5  and  26  for  the  gear  la  the  mid  and  extended 
positions,  respectively.  As  with  the  Impulsive  disturbance,  the  paBol^c^  gear 
Is  unstable  above  80  knots,  whereas  the  actively  controlled  gear  haa  very 
low  response  amp3.1tudeo  at  all  velocities.  The  hump  in  the  low  velocity 
region  for  the  active  gear,  extended  gear  position,  shown  In  Figure  26,  cun 
be  eliminated  by  reducing  the  feedback  gain  or  reverting  to  a paeeive  sys- 
tem below  30  knots. 

The  peak  instantaneous  power  requlremeut  for  the  active  system  is  only  .49 
horsepower  at  V“100  knots  with  1C  in-oz  of  wheel  imbalance.  At  6o  knots 
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FIGURE  24  - ACTIVF/PASSIVE  SYSTEM  COMPARISON,  IMPULSIVE  INPUT 
EXTENDED  POSITION 
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this  drops  to  .05  HP,  und  is  only  ,07.  IIP  ut  20  knots.  For  an  impulsive  type  of 

excitation  the  peak  power  requirement  is  .27  HP  at  all  velocities  from  6o  to 
100  knots.  The  maximum  actuator  force  requirement  is  685  lbs.  at  100  knots 
with' wheel  imbalance.  With  an  actue«or  area  of  I.08  in®,  this  requires  a . 
prSsBufe  differential  of  only  63^<  psi,  compared  to  a system  pressure  of 
1500  psi.  The  hipest  ini^tantaneous  valve  flow  rate  requirement  is  3.25 
gell^s  per  mirttte  (OIW)' with  wheel  Imbalance  at' 100  knots.  The  rated' no- 
load  flow  capability  of  the  valve  used  for  the . system  is  4.9  OFM.  Even 
assuming  the. peak  actuator  pressure  (834  psl)  occurs  simultaneously  With  ' 
the  peak  flow  rate  requirement,  which  is  conservative,  applioe.tion  of  equa- 
tion (is)  shows  that  the  flow  capability  of  the  valve  under  load  decreases 


1500  - 634 
1500 
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which  is  still  15^  above  the  maximum  flow  rate  requirement  (3*25  0PM). 

In  order  to  provide  a 6 dB  gain  margin  the  feedback  gain  for  the  baseline 
active  system  is  one-half  the  value  that  results  in  marginally  unstable  be- 
havior of  the  active  system.  No  indications  of  unstab], e behavior  are  evi- 
dent for  any  of  the  operating  conditions  analyzed.  The  6 dB  gain  margin  is 
based  on  OISM/VL,  since  GIBIQ  is  only  effective  when  the  system  is  in  the 
backlash  region  and  can  tolerate  much  larger  gains  without  going  unstable. 

Parameter  VarJations 

The  Boneltivity  of  the  foregoing  analytical  results  to  variations  in  cer- 
tain system  parameters  is  described  .In  this  section.  The  parameters  in- 
vestigated include  the  following! 


1 . KA.LP  und  K3 


BF  and  BHI 
1TH2 


Hydraulic  fluid  stiffness  in  the  actuator 

Torque  arm  stiffness 

Oear  lateral  stiffness 

Torque  arm  backlash 

Piston-cylinder  friction 

Fuselage  und  lateral  gear  dumping 

Fuselage  inertia 
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Both  active  and  passive  systems  were  analyzed  using  the  Impulsive  distur- 
bance (THD  ■ 5 rad/seo)  at  V ■ 6o  knots  with  the  gear  in  the  mid  position 
as  a reference  condition. 

KAIP  and  K3  - Figures  2?  and  28  show  the  effect  of  variations  In  the 
■ hydraulic  stiffness  parameters  KALP  and  K3,pn  limit  cycle;  amplitudes 
for  the  pass ivs  and  active. systems,  rsspectlvely.  The^nomlnal  values 
for  these  parameters  are  l8000  and  S.62E6.  The  passive  system  value 
corresponds  to  a very  low  effective  bulk  mbduius  of  U 500  Ibs/ln^.  Th^s 
value  was  obtained  from  the  dynamic  Impedahoa  tests  performed  on  the 
steering  actuator.  Plow  cavitation  across  the  passive  damping  orifices 
Is  believed  to  be  the  cause  of  the  very  low  observed  actuator  hydraullo 
otlffness.  The  active  system  has  these  orifices  blocked,  and  the  pass- 
ages ars  sized  to  preclude  any  cavitation  problems.  An  affective 
bulk  modulus  of  -75200  Ibs/ln^  Is  assumed  for  the  nominal  active  system. 

This  corresponds  to  approximately  3^  entrapped  air  voliune  (Bulk  Modulus (B)« 
265000  Ibs/ln^  for  no  air  entrapment),  which  can  be  maintained  with  normal 
design  and  servicing. 

Figure  27  indicates  that  the  passive  system  cannot  tolerate  much  lover 
hydraullo  stiffness  than  the  nominal  case  (below  KALP  ■ I5OOO,  the  sys- 
tem Is  unstable).  This  Is  to  be  expected  In  li^t  of  the  very  low  hydrau- 
lic stiffness  for  the  nominal  condition.  However,  even  much  larger  hydrau- 
lic stiffness  values  ( >3  times  nominal)  only  reduce  the  torsional  re- 


sponse to  0.011  rad., which  is  still  an  order  or  magnitude  greater  than  the 
active  system  response.  Furthermore,  the  passive  system  is  still  vui- 
Btuble  at  100  knots,  even  with  KAI.P  - 5OOOO.  Allowing  for  cavita- 
tion relief  from  the  additional  flow  that  le  available  if  the  spool 
valve  opens  during  shimmy,  the  highest  value  of  KALP  observed  during 
the  program  tests  (with  open  spool  valve)  is  about  45000,  It  Is  not 
known  whether  spool  valve  opening  1b  a common  occurrence  during 
shimmy;  however,  even  allowing  for  thJs,  the  passive  system  limit 
cycle  reaponse  to  an  impulsive  disturbance  at  60  knots  Is  greater  than 
0.01  rad. 
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FIOURB  28  - VAKEATION  OP  HTDPMJLIC  FLUID  STIFFTfESS 
ACTIVE  SYSTEM 
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By  way  of  contrast,  the  active  system  Is  relatively  unaiTected  hy  wide 
variations  In  the  hydraulic  stiffness  parameter  K.3,  as  shown  In  Figure 
28.  Only  when  K3  drops  below  60000  (eq.ul valent  to  B ■ I7OO  Ibs/ln®) 
does  the  active  system  performance  start  to  degenerate.  For  any  hydrau- 
lic stiffness  greater  than  this,  the  active  system  eodilblts  response 
reductions,  of  an  order  of  magpiltude  relative  to  the  passive  system. 

Based  on  these  results  it  would  appear  that  the  active  system  can  be 
expected  to  perform  very  well  at  any  value  of  effective  hydraulic  fluid 
bulk  modulus  that  can  be  reasonably  expected. 

2,  - The  sensitivity  of  the  analytical  results  to  variations  In  torque 
arm  stiffness  KTR  Is  shown  In  Figure  29.  Whereas  the  passive  system 
performance  starts  to  deteriorate  at  about  1/2  the  nominal  value 
(112000),  the  active  system  behaves  properly  down  to  less  than  10000 

for  KTH  which  Is  lees  than  l/lO  the  nominal  value.  At  values  greater 
than  nominal,  both  the  active  and  passive  results  are  the  same  as  with 
the  nominal  KTH. 

3,  lOT  - Figure  30  shows  the  active  and  passive  system  performance  with 
variations  In  KFH,  the  lateral  gear  stiffness.  Again  the  active  system 
behaves  well  in  the  range  from  below  l/4  of  the  nominal  stiffness  to 
above  2 times  the  nominal.  The  passive  system  Is  q.ulte  sensitive  to 
KPli,  with  an  optimum  value  at  about  60%  of  the  nominal  value.  At  this 
KPH,  the  passive  response  Is  about  6 times  greater  than  the  active 
system  (O.OO9  rad,  vs,  O.OOI5  rad.). 

4,  DTH  - The  results  of  varying  torque  arm  backlash  are  shown  In  Figure 
31,  The  solid  curves  repreaent  nominal  values  for  CPI  and  CP2,  the 
piston-cylinder  friction.  The  dashed  curves  represent  zero  friction. 

The  nominal  value  of  DTK,  as  measured  In  program  tests,  corresponds 
approximately  to  the  value  for  the  T-3Y  Soar  that  was  tested  at  AFFUL, 

as  repoi’ted  In  Beference  3.  It  can  be  seen  that  the  passive  gear  Is  quite 
Bensitlve  to  increased  backlash,  whereae  the  active  system  with  nominal 
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FIGURE  31  - VARIATION 
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friction  !•  completely  unaffected  by  the  baokleih  up  to  3 tlmee  the 
nominal  value.  Only  with  eero  pleton«cyllnder  friction  la,  the  active 
ayatem  aomawhat  aenaltlve  to  large  baoklaah.  Thla  la  becauae  the  active 
ayatem  utlllEea  the  friction  foroe  to  tranamlt  foreea  from  the  actuator 
to  the  axle  within  the  backlaah  region.  Vfhen  thla  friction  la  Rero« 
actuator  foreea  are  tranamltted  to  the  axle  only  when  the  deadband 
region  la  traveraed.  Thua,  the  outer  cylinder  "bounce a”  back  and 
forth  aoroaa  the  deadband  region  to  atablllee  |m|  to  a value  leaa  thkn 
CtTH.  However  I even  at  three  timet  the  nominal  backlaah  and  aero  fric- 
tion, the  active  ayatem  atabillaea  |ra|  to  within  the  magnitude  of  the 
backlaah  DPH  (atraight  line  curve  through  origin  In  Figure  I7).  From 
Figure  31  it  la  clear  that  the  active  ayatem,  even  with  aero  friction, 
haa  a hl^  degree  of  tolerance  for  Inareaaed  torque  arm  backlaah. 

3.  CF  - The  aenaltlvlty  of  the  reaulta  to  platon-cyllnder  friction  CF  la 
Indicated  In  Figure  32.  The  backlaah  ITHI  la  fixed  at  the  nominal  value 
for  theae  reaulta.  CPI,  the  oonatant  oit  Coulomb  type  friction  la  varied 
while  CP2,  the  friction  proportional  to  geur  aide  load,  la  held  oonatant 
at  either  aero  or  the  nominal  value.  The  active  ayatem  appeara  to  have  a allghtly 
Improved  performance  at  aero  CPS,  while  the  oppoalte  la  true  for  the 
paealve  geur.  The  paaalve  gear  becomea  algnlflcantly  more  atable  at 
valuea  of  CPI  greater  than  40-50  In-lba,  Even  at  theae  friction  level a, 
however,  the  active  ayatem  reducea  |T[]|  reaponae  to  lean  than  l/U  the 
paaalve  value.  I'ui'thermore , the  performance  of  the  active  ayatem  la 
quite  Inaenaltlve  to  the  mrjgnltude  of  the  platon-cyllnder  Coulomb  fric- 
tion CPI,  However,  It  should  be  recalled  from  Figure  31  that  the  perfor- 
mance of  the  active  ayatem  atarta  to  deteriorate  allghtly  at  zero  fric- 
tion with  3 tlmea  the  nominal  backlaah, 

BF  and  BPH  - Figure  33  ahowa  the  reaulta  of  voivvlng  the  atruotural 
damping  coefflolente  BF  (fuaelago  torelonal  damping)  and  BPH  (gear/ 
fuaelage  lateral  datfaplng).  Both  values  ore  nominally  aet  at  of 
critical.  In  Figure  33,  both  constanta  are  varied  together,  keeping  a 
oonatant  percent  of  critical  damping  for  each.  The  responee  of  both  the 


I 


52 


p-  m 


actlv*  and  paailve  ■yateraa  !■  virtually  unchanged' In  the  range  from  0 
to  8^  of  orltioal. , TSal*  indloatee  that  the  etructural  .damping  energy 
aheorhed  is  Ineignlfloant  in  oomparleon  to  the.energlei  from  toreional 
friotlon  and  actuator  damping  (either  paealve  or  active). 
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I^CHg  - rigure  3J+  'ihdicatea  the  degree  to  vhich  the  paaelve'  and  active 
ayetem  reaulta  depend  on  the  natural  frequency  of  the  local  fueelage 
atructure.  This  freque;noy  vaa  varied  by  changing  the  local  fuaelege  ' 

» - • 1 . . . ■ . I • . 

inertia  1TH2,  elnee  a reaeonable  eetlmate  of  the  correct  fueelage 
etlffneee  KF  la  available  from  Reference  (3).  The  nominal  value  of 
1TH8  used  eorreeponde  to  a fueelage  natural  frequency  of  30  Re.  The 
right  hand  data  point  in  Figure  34  eorreeponde  to  a completely  rigid 
fueelage.  Prom  the  figure  it. can  be  eeen  that  the  reeulte  are  Ineenei- 
tlveto  thle  parameter  except  in  the  range  from  10-30  Ha.  In  thle 
region  the  paeelve  ayetem  performance  deterioratee  appreciably  and  the 
active  lyetem  Improvee  lomevihat.  Since  the  ehlmmy  frequency  ie  in  the 
neighborhood  of  12  to  20  Ha,  it  is  to  be  expected  that  fueelage  natural 
frequenclee  in  thle  eame  region  would  elgnlficantly  couple  with  the 
gear  modea  and  alter  the  ahimmy  reaponee  amplltudea.  Rovtver,  It  le 
not  clear  why  the  paeelve  ayetem  beooraee  leee  etable  and  the  active 
eyetem  more  etable,  (Note  that  in  Figure  34  the  curve  plotted  for  the 
active  eyetem  le  10  tlmee  the  reeponee,  eo  that  ite  variation  can  be 
more  clearly  eeen.) 


ACTIVE  SfUMMI  CONTROL  SYSTEM  DESCRIPTION 
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A braad'board  version  of  ths  Aotlvsi  Shimmy  Control  System  desoi‘lbed  in  the 
prevlouri  sections  was  aisembled  using  for  the  most  part  off-the-shelf  hard- 
ware* The  system  consists  of  the  following  ma^ior  elementst 

0 An  eleotro-hydraulla''iervovalva  attached  to  the  existing  steer- 
ing cylinder* 

0 System  feedbaclic  sensors  t 

(a)  Angular  aocelerometer  mounted  on  the  top  of  the  wheel'  fork i 

(k)  Position  transducer  on.  the  actuator  body/plston  rod  (IVLT)* 

(c)  Differential  pressure  transducer  on  the  steering  actuator 
to  sense  actuator  load* 

0 An  electronic  signal  shaping  and  gain  control  network  to  con- 
vert ‘the  angular  accelerometer  and  actuator  pressure  and  position 
LVDT  outputs  Into  the  desired  feedback  algnel  for  the  servovalve* 

Flgui'e  3?  shows  a schematic  diagram  of  tue  T-37  steering  actuator  with  the 
active  control  system  installed*  The  system  utilises  the  existing  damping 
orifice  ports  to  attach  an  adaptor  manifold*  The  manifold  mounts  the 
electro-hydraulic  servovalve,  differential  preesure  transducer,  and  actua- 
tor poiltlon  transducer*  The  airornft  damping  orifices  are  removed, 
plugs  are  Inetalled  In  their  place  and  the  preesure  and  return  lines  are 
moved  from  their  connection  on  the  steering  actuator  body  to  new  ports  on 
the  manifold  to  form  the  active  damper  configuration.  Thus,  the  aircraft 
•teerlng  actuator  control  valve  and  related  paesive  damping  orlfloee  ore 
not  used*  For  comparative  system  test  purposes,  the  standard  aircraft 
configuration  can  easily  be  tested  with  the  added  actuator  position  and 
load  differential  pressure  Instrumentation  retained  ae  shown  In  Figure  36. 
Detailed  Inetructlone  for  oonvert'ing  between  the  active  and  passive  systems 
ors  contained  in  Appendix  A* 
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'.ITie  complete  active  control  system  is  shown  in  Figure  37*  The  angular 
accelerometer  movuits  to  the  top  of  the  wheel  fork  to  feed  back  rotational 
acceleration  of  the  fork  abou,t  the  strut  steering  axle.  The  output  signals 
from  the  differential  pressure  transducer  and  LVDT  mounted  on  the  actuator 
also  feed  back  to  the  controller*  Nose  gear  steering  for  the  shimmy  tests 
is  aocompliiilhed  througi:i  eleptrloal  commandi  to  the  active  system*  . . 

The  specific  system  hardware  consists  of  the  following: 

0 Angular  aeoelerometer:  ..Systron-Donner  model  k575-CO  servo 
accelerometer)  range,  + ^00  rad.  per  sec^. 

0 Actuator  displacement  sensor:  Sdhaevitz  model  2008XS-D 

linear  variable  differential  transducer)  range,  + S in. 


0 Differential  pressure  seneort  Standard  Controls  Model  S10> 
60-010-06  strain  gage  differential  pressure  transducers) 
range,  + 3000  pslg* 


0 


Linear  accelerometers: 


'/ 

(a)  Yoke  angular  acceleration  (2  units):  Stathom  Model  aKOOTC-15 

linear  strain  gage  accelerometer)  range,  + l^g 


(b)  Lateral  acceleration:  CEO  Model  4-202-0001  linear  strain 

gage  accelerometer)  range,  + 2?g 


A block  diagram  of  the  complete  breadboard  electronics  system  Is  shown  In 
Figure  38,  Control  and  Instrumentation  electronics  are  housed  In  a pair 
of  7"  X 19"  rack-mount  card  cagee.  All  neceeeary  d.c.  power  supplies  ore 
Included  so  that  only  II5  vac,  60  Hz  external  power  Is  required.  System 
electronics  are  packaged  In  modular  functional -unit  cards.  A fully  de- 
tailed circuit  diagram  is  shown  in  Appendix  B* 
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PICTURE  38  - BLOCK  DIAGRAM,  ACTIVE  SHIMMY  CONTROL  SYSTEM  (Cont'd) 
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Card  8 Is  the  central  focus  of  the  active  control  function.  Summing  ampli- 
fier A3  and  drlvsiir  Al^  eomprite  the  foi*vard  ]|ieth  ,bf  the  oontrpllerr  A3  re- 
ceives a oommand  Input  from. the  steering  circuit  on  the  same /card  and  tvo 
feedback  signals;  (vheel  fork  angular  acceleration  end  actuator,  ^s 
Actuator  position  ;le  buffered  oh' Card  5 befofe  enterlnfi;  the  loop  Card  8, 
I'Jhael  fork  angular'  ao  ''recal^s';.lJJfiekr'  ehaplng.'.on  :Q^  non- 

linear gain  adjustment' .oh  Card  7>  tef ore  enterini^..thh..  loopV^^^^^^^^^^^  pres- 
sure, after  shaplhS  Cerd- 6,  enters  the  non-llhear  galh  oiro^tV  acting 
primarily  as  a bias  signal  to  remo>is  thd  .noh-iitnear,.g^ 
acceleration  during  steering  and  aSiytetrlo'loadihg'  oOnhltioh 
used  both  for  instrumentation  and  control  functions  are  line  tb^lvsr 
lablatad  to  prevent  demage  to  test  hardware  from  Inadvertent  recording 
system  shorts. 

Twelve  signals  arc  shown  wired  to  a bonneotor  for  interface  to  the  test 
facility  instrumentation  tape-recorder.  The  lateral  load  strain  gage  bridge 
is  amplified  on  Card  1,  the  lateral  accelerometer  on  Card  3>  The  actuator 
preseure  signal  Is  amplified  an  Card  3 and  Isolated  on  Card  6.  Angular 
acceleration  is  buffered,  shaped  for  control  use,  and  isolated  for  Instru- 
msntatlon  on  Card  4.  It  Is  also  Integrated  twice  In  the  frequency  band  of 
Interest  to  provide  fork  rate  and  displacement  for  recording,  !Ihe  actua- 
tor poBltlon  slgialf  ss  mentioned  above>  Is  bufftrsd  and  isolated  on  Card 
Conditioned  by  an  absolute  value  circuit  and  a comparator,  It  Is  also  avail- 
able as  an  overrange  warning  or  automatic  shutdown  signal.  The  two  sensors 
arranged  to  measure  yoke  angular  acceleration  are  summed  and  buffered  for 
recording  on  Card  5, 

Figures  39  and  UO  show  two  views  of  the  hardwai-e  connected  to  the  steering 
actuator.  In  Figure  39  the  servovalve  can  be  seen  mounted  to  the  manifold 
block.  Below  the  manifold  block  are  visible  the  LVET  and  the  brackets 
attaching  the  LVOT  rod  to  the  steering  actuator  pleton  at  both  ends.  The 
body  of  the  LVOT  le  attached  to  the  bottom  of  the  manifold  block,  which 
In  turn  mounts  on  the  steering  actuator  cylinder.  Figure  Uo  ehows  the 
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mounting  of  the  manifold  block  to  the  steering  actuator;  the  pressure 
and  return  line  ports  on  the  manifold  block  can  alio  be  seen*  , 

Figures  and  It'S  show  two  views  of  the  landing  gear  with  all  the  active 
system  hardware  and  test  Instrumentation  installed*  In  Figure  4l  the  tor> 
sional  accelerometer  o'elh  'be  seeh  molinted  on-a  bracket  attached  : to  the  top 
rear  of  the  wheel  fork*  iSie  lateral  ac oelerdmeter, .mounted  end 

of  the  axle  le  also  visible*  On  the  right  web  of  the  trunnion  yoke  assem- 
bly an  accelerometer  can  be  seen;  this  Is  hsed  In  bonjimotlon  with  one  on 
the  other  side  jAxased  so  that  yoke  angular  aodeieratlm  can 

Figure  42  is  a left  side  view  In.irtiloh  the  hydraulic  system  aocumiU.ators  can 
be  seen  at  the  top  of  the  photograph*  The  rectangular  box  mounted  to  the 
gear  test  fixture  Just  above  the  gear  Is  the  LVDT  signal  conditioning  module* 
The  hydraulic  lines  are  shovn  attached  to  the  manifold  block;  which  in  turn; 
is  mounted  to  the  steering  actuator. 

Figures  43  and  44  ai's  photographs  showing  front  and  rear  views  of  the 
electronics  module*  This  module  contains  all  the  feedback  gain  control  and 
signal  shaping  circuitry;  as  well  ai  all  the  Instrumentation  elgnal  process- 
ing electronics  and  necessary  D.C.  power  supplies*  The  front  panel  of  the 
eleotronloe  module  oontalne  5 potentiometers  for  adjusting  the  following 
active  system  control  parameters} 

0 Feedback  linear  gain;  DISMAL 

0 Feedback  nonlinear  gain;  OIBIO 

o Nonlinear  gain  limit,  THDDIi-I 

0 Control  loop  position  negative  feedback 
gain  constant;  K7 

0 Pressure  feedback  nonlinear  gain  biasing  constant,  K9 
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The  other  two  potentlometere  shown  In  Figure  ^3  oontrol  the  following  test 
parameters: 

0 Steertog  angio  to  trigger  autpmatio  gear 'lift' signsi>^ 
deslrid 

0 Amplitude  of  eleotrloai  steering  angle  VeoDunan^' for' ^ 
system  steering  V 

Lead-lag  feedWok'  signal  shaping  oan  be  abcompltshed  by  means  of  plug-ln 
oapaoitors  on  the  front  panel*  in  addition/  the  front  panel  oontftlna  pro- 
visions for  patching  any  of  the  basic  Instrumentation  signaii:  Into  the 
rear  panel  outputs  for  the  8-traok  Brush  rocordor.  One  suoh  oonnection  Is 
shown  from  card  3 to  card  13  In  Figure  43«  Both  a step  Input  and  slnousoldal 
electrical  steering  command  Inputs  can  be  sslsotsd  at  the  elsotronlcs  modult* 
The  step  command  la  used  in  the  active  system  teats  to  steer  the  gear  elec- 
trlcally. 

Figure  44  shows  the  8 pairs  of  connections  to  the  8-traok  Brush  recorder . 

The  two  reotangvilar  conneotora  on  the  top  rear  panel  In  Figure  44  are  for 
the  wire  bundles  leading  to  ths  gear  and  to  the  FM  tape-recorder*  The  three 
smaller  circular  connectore  on  the  top  rear  panel  are  for  the  follo'wlng; 

0 Function  generator  Input  (for  sinusoidal  steering  command) 

0 Output  for  automatic  carriage  lift  triggered  by  preset  gear 
re spon Bible  amplitude 

0 Hand-held  puah-button  for  initiating  step  input  steering 
commands 
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SHIMMY  TEST  PROGRAM 

T»it  Objectlv»» 

The  ohjeotlvee  of  the  teat  program  are  tot 

0 Determine  the  Wnimy  charaotertetloi  of  the  •paeiive  gear, 

6 Demonetrate  the  anti-ahltnmy  oapabllltlei  of  the  active  '■yatem 
Including  Ite  performance  during  noee  gear  eteetlhg, 

0 Provide  data  for  evaluating  the  capability  of  the  analytloal  model. 

0 Provide  data  by  Which  llmitatlone  aaaoclated  with  the  eyetem  and/or 
eignlf leant  phenomenal  not  Included  In' the  analyse e,  can  be  defined. 

Description  of  Test  Sdt-Up 

All  tests  were  performed  In  the  UBAP  Flight  Dynamics  Laboratory  In  Dayton, 
Ohio,  The  T-37  gear  assembly,  modified  to  allow  both  passive  and  active 
system  operation,  was  Installed  In  a forward  fuselage  section  of  a T-37 
airplane.  The  fuselage  section.  In  turn,  was  installed  in  the  carriage 
of  the  192  inch  dynamometer  such  that  the  gear  and  tire  had  the  proper 
geometric  trail  for  the  strut  extent ion  values  to  be  tested, 

A 1500  pel  hydraulic  source,  to  simulate  a T-37  ships  system,  was  used  to 
power  the  steering  actuator  using  MIL  Standard  ^6o6,  hydraulic  fluid,  A 115 
volt,  6o  Ha  alternating  current  electrlnal  source  was  used  to  power  the 
breadboard  active  shimmy  control,  system  and  associated  Instrumentation, 
Torsional  gear  excitation  was  provided  by  a cable  pull  system  for  the 
passive  gear  and  by  electrical  steering  step  Inputs  for  the  active  gear. 

In  addition,  Wheel  Imbalance  displaced  laterally  from  the  Wheel  centerline 
was  used  to  provide  steady  state  cyclic  inputs. 

The  breadboard  electronics  module  was  rack  mounted  and  powered  by  a llOV, 

60  Hz,  electrical  source.  The  electronics  module  was  connected  via  cables 
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to  the  landing  gear  and  to  the  F.M.  tape-recorder  interface.  The  tape- 
recorder  la  remotely  located  In  the  data  room  and  Is  a standard  Ik  channel 
unit  with  standard  speeds > single-ended  input  with  a lOOK  ohm  input  Impedancie. 
The  contractor  supplied  the  Time  Code  ‘Generator.  VhMght  Field  furnished  an  6- 
Channel  Brush  Recorder  and  an  osclllosoope  local  to  the  electronics  for 
monitoring  and  dlreot-vrlte  recording*  Banana  Jacks  are  prdvideil  oh  the 
rear  of  the  breadboard  electronics  module  for  the  Bfrush  Recorder  interface. 
The  electronics  module  provides  a nort-latchlng^  low  power  relay  closure  as 
a function  of  a selectable  absolute  steering  angle  for  interface  with  Wright 
'Field's  geor^lift  circuitry  for  use  as  an' automatic  safety  feature 'when 
neoassaxT't 


Instrumentation 

Table  3 shows  a list  of  Instrumentation  utilized  Inoludi^ig  types,  loca- 
tion, purpose  and  specifications.  Table  h delineates  the  actual  signals 
recorded  on  magnetic  tape,  including  soalo  factors  and  tape  attenuation 
factors.  Also  shown  are  the  8 responses  recorded  on  the  Brush  Record^.lr  for 
lulok-look  analysis. 

Test  Procedure 

The  following  sequence  of  operations  was  followed  for  each  shimmy  test 

1.  Adjust  the  carriage  for  the  desired  strut  extension. 

2.  Spin  the  drum  up  to  a ground  speed  of  40  mph, 

3.  Activate  the  recording  system. 

4.  Verbally  record  the  run  number  and  identifying  information, 
on  the  tape-recorder, 

5.  Start  the  Brush  Recorder  (High  Speed,  200  mm/sec,). 

6.  Lower  the  gear  support  carriage  onto  adjustable  stops,,  bringing 

the  tire  into  contact  with  the  driver  with  the  desired  vertical  load. 
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TABLE  4 - TAPE  RECORPINQ  SET-UP 


Tape 

Channel 

Brush 

Channel 

Signal 

Source 

Tape 

Attenuation 

Scale 

Factor 

1 

2 

CMD 

C8A2 

.0735  In/v 

2 

1 

AX 

C5A3 

mM 

.141  In/V 

3 

3 

s s 

e 

C4A3 

mBM 

6o  rad/sec^/V 

4 

4 

• 

0 

c4a4 

IH 

6 rad/soc/V 

5 

5 

e 

c4k5 

.06  rad/v 

6 

6 

AP 

c6A2 

mm 

330  psld/V 

7 

Ay 

mm 

1.13  s/v 

8 

8 

^oke  Ang.  Accel. 

C5A4 

103/rad/sec^/V 

9 

Yoke  Lat.  Load 

260  Ib/V 

10 

7 

Ai 

c8A5 

mm 

2 ma/V 

11 

Strut  Pressure 

250  psl/V 

12 

Nonlin  .Acoel.Fdback'' 

■ C7A6 

■■ 

13 

Drum  Speed 

(1) 

100  mph/V 

14 

Time  Code 

Edge 

Voice 

* Filtered  acceleration  feedback  signal  beginning  with  Run  119 
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7.  After  2-3  seconds  of  free  rolling  on  the  drum,  Input  a step 

electrical  steering  command  using  the  hand  held  push  button 
control.  (For  passive  system  testing,  a cable-pull  system  is 
used  to  directly  distixrb  the  wheel  fork  in  torsion).  With  the 
active  system,  a.  step  command  of  3®  is  used  for  cases  with  wheel 
imbalance,  and  6°  for  oases  without  imbalance.  Two  types  of  in- 
put are  aned:  (a)  Vt. brief  an  input  as  possible  (ss,2  sec^, 

(b)  Sustained  input  ( 2 sec). 

8.  Raise  the  gear  support  carriage. 

9.  Stop  the  Brush- Recorder. 

10.  Stop  the  Tape-Recorder. 

11.  Accelerate  the  drum  to  60  mph. 

12.  Repeat  steps  3 through  10. 

13.  Continue  above  steps  up  to  120  mph  in  20  mph  Inclement s. 

For  each  run,  the  tire  1b  on  the  drvun  for  around  10  seconds.  About  5 minutes 
are  required  to  accelerate  the  drum  each  20  mph  increment.  Tire  heating  and 
wear  presented  no  problems. 

Test  Sequence 

The  passive  shimmy  tests  were  performed  from  l6  June  1975  to  20  June  1975* 
The  active  system  testing  occurred  from  23  June  1975  to  27  June  1975*  Table 
5 shows  the  run  log  for  the  passive  system  tests.  Puns  1-12  were  performed 
with  the  gear  in  the  mid  position  and  nominal  torsional  backlash.  No 
indications  of  free  shimmy  were  present.  The  next  series  of  rune  (13-18) 
were  made  with  the  strut  in  the  3/U  extended  position,  A slight  amount  of 
shltnmy  is  evident  at  lift-off  at  120  mph.  Runs  19-23  were  made  with  the 
strut  fully  extended.  Free  shimmy  is  evident  at  100  and  120  mph. 
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TABT^  5 - PASS! VF.  ailMMX  TESTS  (Conv  'd) 


Runs  24-32  repeat  the  previous  series  vlth  the  tire  pressure  InoreasSci  to 
50  pal  (from  35  psi)*  Again  shimmy  Is  evident  at  lOO  and  120  mph.  'nie 
above  runs  were  made  with  10  Inroz. wheel  Imbalance,  Runs  33-36  were  done 
with  zero  wheel  Imbalance;  some  shimmy  was  evident  at  120  mph.  At  this 
point,  the  torsional  baokladi  was  Increased  from  +0.012  rad, to  +0,028;  rad 
for  Runs  37-^2*  shimmy  at  100  and  120  mph  Is  evident  with  some  ten- 

dency to  shimmy  at  80  mph. 

The  remaining  passive  runs  were  done  with  the  gear  in  the  mid  position. 

Runs  43-47  had  zero  tire  Imbalenoe,  Runs  46-^2  had  10  in-oz  tire  Imbalance, 
and  Runs  ^3-57  had  en  Intermediate  level  of  backlash.  In  all  these  cases 
the  gear  shimmies  at  100  end  120  mph,  and  in  some  oases  at  60  mph. 

Table  6 shows  the  run  log  for  the  active  system  tests.  Huns  101  through 
118  wer  ■ performed  with  the  basic  active  system  without  nonlinear  gain  con- 
trol. The  Kq  parameter  shown  in  Table  6 Is  related  to  the  linear  feed- 
back constant  OISMAL  as  follows: 

OiaMAL  - 0,0063  X Kfl 

Since  the  fully  extended  gear  position  was  the  moot  critical  for  the  passive 
system,  this  position  was  used  for  the  active  system  tests  until  the  feed- 
back signal  shaping  was  finalized,  Wlille  the  performance  of  the  basic  system 
was  acceptable  In  that  no  shimmy  oscillations  were  evident,  the  system  had  a 
180  Hz  structural  mode  that  was  being  driven  to  vuiacceptable  levels  at  feed- 
back gains  that  were  lower  than  desired  for  good  damping  of  the  shimmy  mode. 

In  an  effort  to  eliminate  the  deleterious  effects  of  the  I80  Hz  mode,  a 
Twln-T  notch  filter  was  designed,  fabricated  and  Installed.  Runs  119-124 
were  performed  with  this  filter  in  the  feedback  loop.  This  approach  was 
successful  In  attenuating  the  I60  Hz  responses,  but  the  additional  phase 
logs.  Introduced  by  the  notch  filter  at  lower  fre<iuencleB,  resulted  in  a 
40  Hz  mode  of  unacceptable  amplitude. 
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-EABLE  6 


ACTIVE  SHIMMY  TESTS 


STRUT 

STRUT  EXT.  TIRE 

RUN  SPEED  PRESS.  SHOWING  PRESS. 

MEH  • P3I  ' INCH  PSI 


TIRE  MCK- 
IMBAL.  LASH 

TN-OZ.  RAD. 


Nom,  0.3 


NOTBINQ 

ON 

TAPE 


Notn.  0.3  Oil  hot, 

178^  P ® end 
I I of  run 


Added  notch 
filter,  doubled 
Kjf  gain  range 


OIABLB  6 - ACTIVE  SHIMMY  TB81PS  (Cont'd) 


STRUT 
■ PRESS. 

STRUT 

EXT, 

fflOWlNO 

TIRE 

PRESS. 

TIRE 

IMBAL. 

BAOK- 

LASR. 

Ka 

PSl 

INCH 

PSI 

IN-OZ. 

RAD. 

53 

7.3 

' 50 

0 

. Norn. 

0.3 

NOTES 


flltar.  Added  1 
(46),  laad  (96) 
flltar 


Norn*  I 0.3 


Replaced  saivo 
valve 

■No  mag.  tape 


Norn.  O.') 


IjuulO.iil  i'ow'n 
'loop  Rtrln('l'.o 
■J.O  Ha) 


Removed  lag>lead 
filter)  installed 
brldgcd-T|  tuned 
to  - 180  H* 


At  this  point  In  the  testing  the  notch  filter  was  removed  from  the  system 
and  a lag-lead  network,  tuned  to  46  Hz  and  96  Hs  respectively,  was  installed. 
Huns  12^'-l4^  were  made  with  this  feedback  configuration..  At  Hun  135  th 
servo- valve  vas  replaced  with  a spare  unit,  since,  the  system  was  exhlblti..^ 
sporadic  drifting  away  from  neutral  with  the  wheel  off  the  d^m  and  hb  feed- 
back or  steering  commands  applied  to  the  Valve.  iVPPCLZ'ently  the  valve  had 
been  contaminated  at  some  point  in  the  previous  test  series,  .^e  new  valve 
eliminated  the  drifting  problem,  which  never  reappeared  during  the  remainder 
of  the  active  system  tests. 

In  an  effort  to  achieve  tighter  damping  control  at  the  higher  driving  fre- 
q,uencles,  the  actuator  position  loop  feedback  gain  constant  (iCf  In  the 
analytical  model)  was  doubled,  beginning  at  Run  l4l.  This  Increased  the 
cutoff  frequency  for  the  position  loop  to  16  Hs.  Qhe  lag-lead  network 
suppressed  the  l80  Hz  mode  adequately,  but  the  damping  performance  with  wheel 
imbalance  was  reduced  from  that  of  the  basic  system. 

Finally,  a more  refined  Brldged-T  notch  filter  was  employed  in  conjunction 
With  the  16  Hz  position  loop.  Ihis  system  sharply  attenuated  the  I80  Rs 
mode,  allowing  an  Increase  In  the  nominal  feedback  gain  from  Kg  ■ 0.3  to  0*7, 
and  also  damped  the  UO  Hz  mode*  This  final  configuration  Is  used  from  Run 
l46  on.  Runs  146-159  are  variations  in  the  gain,  resulting  in  the  selec- 
tion of  ■ 0.7  as  the  nominal  value. 

Runs  160-174  tost  the  system  with  the  gear  fully  extended,  with  nominal  and 
Increased  torsional  backlash,  and  with  and  without  wheel  imbaleuice.  Runs 
175-184  verify  the  performance  of  the  system  with  the  gear  in  the  mid  position. 
Runs  105-197  represent  extreme  variations  in  feedback  gain  constant  Kq  from 
0 to  I..7,  more  than  twice  nominal.  These  runs  were  made  with  the  gear  fiilly 
extended. 

Runs  19B-205  consisted  of  steering  the  gear  electrically  with  a sinusoidal 
steering  command  while  the  tire  was  lunnlng  on  the  drum  at  80  mph.  Input 
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B+<sering  frequencies  from  5 to  5^^  Hz  vere  run.  Finally,  Runs  206  and  20? 
consist  of  frequency  responses  for  the  servova3.ve  and  the  notch  filter, 
respectively. 

Table  7 shows  a summary  of  the  pertinent  test  run  manbers  for  the  passive 
and  final  active  systems,  for  different  combinations  of  torsional  bachlash 
and  wheel  imbalance.  The  passive  system  was  never  i*un  in  the  extended  posi- 
tion- with  both  wheel  imbalance  and  increased  torsional,  backlash  in  order 
to  prevent  possible  damage  to  the  gear.  The  active  system  was  never,  run  In 
the  mid  position  with  nominal  backlash,  since  this  configuration  was  clearly 
not  critical 4 

TABLE  7 - SUMMARY  OP  SHIMMY  TEST  SUN  NUMBERS  . 


STRUT 

FOS.  BACKLASH 


+ 0.028 


WHEEL 

IMBAL. 


..  PASSIVE 


33-36 

24-32 

37-42 


+ 0.024 


ACTIVE 

(BRIDOBD-T  NOTCH  ONLY,  K„  - 0.7 ) 


153,  156,  159>  165,  186,  187 
160  -.164 
165  - 169 
170  - 174 


1-7 

8-12 

43-47 

48-52 


180  - 18)4 

175  - 179 


The  most  Important  result  of  the  shimmy  testing  is  that  the  passive  system 
exhibits  free  shimmy  for  a number  of  parametric  combinations,  whereas  none 
of  the  active  systems  tested  ever  allowed  the  gear  to  shimmy.  The  passive 
system  appears  more  sii.soeptlble  to  shimmy  with  tlve  imholanoe.  It  is  felt 
that  the  cyclic  stroking  of  the  stee.rlng  actuator  caused  by  Wheel  imbalance 
tends  to  promote  cavitation  of  the  actuator,  resulting  in  the  very  low  effec- 
tive stiffness  observed  in  the  output  impedance  tests  performed  initially. 
However,  the  passive  system  also  shimmies  without  wheel  imbalance. 


Viu  I . ^ •■•iv  .K  ‘ 


A set  of  time  history  traoes  for  the  more  pertinent  passive  and  active. system 
shimmy  tests  is  included  in  Appendix  C*  .Figure  4 !>' Illustrates  a typical 
time  history  of  a passive  system  test  vhereln  free  shimmy  occurs • The  re- 
sults shown  are  from  Run  32,  100  mph  with  fully  extended  gear,  wheel  im- 
balance and  nominal  backlash.  The  largo  osclllationa  evident  In  axle  tor- 
sional acceleration  are  self-induced  and  occur  at  a frequency  of  2R  Hz, 
even  though  the  frequency  of  the  driving  moment  due  to  wheel  Imbalance  Is 
36  Hz  at  this  speed.  This  clearly  represents  a degeneration  of  the  response 

1 

Into  free  shimmy,  and  It  is  alleviated  only  by  steering  inputs  or  by  lifting 
the  gear  off  the  drum. 

In  contrast.  Figure  46  shows  the  corresponding  condition  with  the  final 
active  system  (Run  163).  In  this  case,,  not  only  are  the  oscillation  ampli- 
tudes lower,  they  are  also  at  the  wheel  Imbalance '.driving  frequency  of  36  Hz.' 
Note  that  the  transient  response  following  the  sharp  step  input  in  steering 
angle  ie  very  well  damped,  lasting  only  one  cycle  or  less,  i'kls  is  also 
Illustrated  in  Figure  47,  which  is  the  same  condition  without  wheel  lm.ba3.anQe 
(Run  156), 

t 

Tlie  sharp  step  steering  command  used  for  the  active  system  tests  could  not 
bs  duplicated  with  the  cable  pvtll  system  used  to  exolte  tue  passive  gear. 

Had  It  been  possible  to  sharply  pulse  the  passive  .'^ear.  It  I0  felt  that  the 
resTiltlng  shimmy  oscJ.l.latlona  would  have  provided  a graphic  contrast  to  the 
active  system  damping  evident  in  Figure  47.  With  the  resu3.ts  available, 
Figure  40  sliowH  the  zero  wheel  imbalance,  passive  oystem  response  at  100 
mph,  from  Run  34.  A slight  tendency  to  go  into  the  shimmy  mode  Is  evident. 

Another  phenomenon  of  interest  Is  observable  in  Figure  47.  For  the  active 
system,  the  damping  of  the  transient  response  immediately  following  the 
initiation  of  the  step  steering  command  is  superior  to  the  damping  fol  lowing 
the  return  of  steering  command  to  zero.  This  Is  probably  the  result 
of  providing  a steady  lateral  tire  load  and  taking  up  system  backlash  when 
steering  away  from  neutral,  whll.e  the  tire  load  comes  off  and  tlie  system 
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PIOURE  46  - ACTIVE  SXSTBM  TIME  HlSTOKTEn,  TIRE  IMBAIANCE 
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nOURE  48  - PASSIVE  SYSTEM  TIME  HTSTORIBS,  ZERO  TIRE  IMBALAWCE 


69 


reenters  the  haoklash  region  as  the  steering  returns  to  neutral,  rather  than 
any  usyimiietric  choracteristd.ca  of  the  servovalve  and  actuator. 


A compai’lson  of  active  and  passive  system  performance  with  wheel  Imbalance 
Is  shown  In  Figure  k9  for  the  fully  extended  gear  with  nominal  backlash. 

The  peak-to-peok  axle  angular  acceleration  is  plotted  versus  airplane  velo- 
city. Since  the  angular  acceleration  traces  are  somewhat  spiky  and  irregu- 
lar, the  data  in  Figure  49  is  obtained  from  the  cleaner  angular  velocity, 

© , traces,  using  the  relationship 

le|«w|e| 


where  co  la  the  response  frequency  in  rad/seo.  Also  shown  in  Figure  49  is 
the  "input"  angular  acceleration  due  to  the  wheel  Imbalance,  given  by 


|Mi 


mbiil 


Mnput 


Mlmbol  sinusoidal  forcing  moment  about  the  steering  axis  due  to  wheel 

imbalance]  Ig  is  the  mass  moment  of  lnei*tla  of  the  wheel,  tire  and  piston 
about  the  steering  axis. 


The  passive  results  at  100  and  120  MPH  are  not  at  the  wheel  Imbalance  driv- 
ing frequencies  of  36  and  43  Hs,  respectively,  but  at  the  shimmy  frequency 
of  22  Hz.  These  results  are  sustained  limit  cycle  shimmy  oscillations.  At 
all  velocities,  the  measured  response  amplitudes  of  the  passive  system  are 
greater  than  the  input  forcing  function  from  wheel  imbalance.  For  the 
active  system,  the  responses  are  attenuated  below  the  input  at  all  veloci- 
ties except  for  the  resonance  at  80  MPH,  corresponding  to  a driving  fre- 
quency of  29.5  Hz,  The  results  of  the  steering  sine  sweep  tests  of  the 
active  system  indicate  a fundtunental  system  resonance  of  30  Hz,  It  is 
shown  In  Appendix  E how  the  active  system  has  raised  the  basic  torsional 
mode  natural  frequency  to  30  Hz  or  above. 


AIRPIAHB  VELOCITY,  M.P.H. 

FIGURE  k9  - COMPARISON  OF  ACTIVE  AND  PASSIVE  SYSTEM  RESPONSES 
WITH  WHEEL  IMBALANCE.  GEAR  EXTENDED 


The  active  system  response  peaks  were  driven  at  the  system  resonant  fre- 
quency whereas  the  passive  system  response  continues  to  Increase  at  high 
velocities  when  the  response  breaks  down  into  the  shimmy  frequency  even 
though  driven  at  higher  frequencies.  (The  22  Hz  resonarit  frequency  of  the 
passive  system  corresponds  to  60  m.p.h.)*  Thus^  the  passive  system  clearly 
exhibits  sustained  shimmy  oscillations^  while  the  active  system  only  responds 
naturally  at  the  driving  frequency. 

Figure  50  Illustrates  the  same  result-;  ae  FiKV,tre  49;  only  with  the  gear  in 
the  mid  position  and  with  increase',  backlash  (+0*024  rad.).  The  active 
system  results  are  similar  in  that  a resonance  at  80-IOO  mph  occurs,  while 
the  responses  ore  always  lower  than  those  of  the  passive  system,  which 
shimmies  at  100  and  120  mph. 

When  the  passive  system  is  sufficiently  stable  (no  shimmy)^  It  also  exhibits 
a resonance  at  around  Oo  mph  in  its  response  to  wheel  imbalance.  Figure  ^1 
shows  the  response  of  the  passive  system  with  the  gear  In  the  mid  posltj.on  and 
nominal  backlash.  This  configuration  does  not  shimmy  at  the  high  velocities 
(100  and  120  mph),  and  as  a result  the  response  peaks  at  80  mph.  It  should 
be  noted,  however,  that  the  dynamic  amplification  of  the  wheel  Imbalance 
input  Is  greatest  at  60  mph,  which  corresponds  to  a driving  frequency  of 
22  Hz,  the  gear's  observed  shimmy  frequency.  Thus,  the  dynamic  amplifica- 
tion of  the  gear  peaks  at  the  expected  excitation  frequency,  while  the 
absolute  magnitude  of  the  response  peaks  at  a higher  frequency  (correspond- 
ing to  80  mph)  because  the  magnitude  of  the  input  exlctatlon  increases  with 
velocity, 


92 


AIRPLANE  VELOCITI,  M.P.H. 

ElOURS  ^0  - COMPARISON  OP  ACTIVE  AND  PASSIVE  SYSTEM  RESPONSES 
WITH  WHEEL  IMBALANCE,  OEAR  MID  POINT 
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CORREIATIOW  STUDIES 


/jiaiytlcal  Model  ParameterB 

Information  gained  from  the  preliminary  laboratory  tests  performed  in  the 
program  prior  to  the  shimmy  tests  at  Wright-Pattereon,  as  well  as  changes 
made  to  the  active  system  during  shimmy  testing,  alter  the  values  of  some  of 
the  analytical  model  parameters  previously  summarized  in  Table  2.  The  revised 
values  are  shown  In  the  following  table.  (Refer  to  Table  1 for  parameter 
definitions) . 


TABLE  8.  REVISED  AmLYTICAL  MODEL  PARAMETERS 


PARAMETER 

VAI.UE 

NOTES 

OISMAL 

0.0044 

2 

IAL( active) 

0.068 

1 

K3 

673000 

1 

K5 

0.000309 

1 

K6 

3.15E-6 

1 

K7 

100.5 

2 

ZETAA 

0.6 

1 

OHECIAA 

1000 

]. 

ZETAS 

0.65 

1 

OMEGAS 

750 

1 

— . _ . 

Table  8 No  I- os 


1.  Revision  based  on  prelimlnm'y  laboratory  aotlvo  sys- 
tem tost  rosulta, 

R.  !tov:lo:Ion  baaod  on  act  1 «/i;  ii.vstem  changes  made  during 
shimmy  testing. 
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GIGMAL  and  K7  are  the  outer  and  Inner  loop  feedback  gains  vhlch  were  both 
revised  during  shinuny  testing.  The  Bridged-T  notch  filter  tuned  to  180  Hz, 
which  was  employed  in  the  shimmy  tests,  Is  not  incorporated  in  the  analyti- 
cal model.  In  the  analytical  model,  the  180  Hz  structural  mode  is  at  230 
Hz  and  never  gets  driven.  Since  the  purpose  of  the  notch  filter  is  solely  to 
suppress  this  mode,  the  filter  is  not  included  in  the  analytical  model  be- 
cause the  mode  is  never  excited, 

Correlation-Results 

The  passive  free  shimmy  teats  wex*e  initiated  by  a cable  pull  system  wtiloh 
resulted  d,n  a rather  irregular,  prolonged  transient  input  to  the  gear  that 
is  difficult  to  duplicate  analytically.  For  the  purposes  of  correlation 
studies  between  analysis  and  test  results,  it  is  desirable  to  have  a well 
defined  input  forcing  function*  A deliberately  induced  wheal  imbalance 
provides  an  input  excitation  that  is  accurately  known  both  in  magnitude  and 
fr«q,uency.  It  is  for  this  reason  that  the  correlation  studies  are  based  on 
the  tests  wherein  wheel  imbalance  was  used  to  drive  the  gear, 

Analytical  results  for  the  passive  system  with  10  In-oz  wheel  imbalance  are 
compared  with  the  test  results  in  Figure  52,  The  extended  gear  position 
with  nominal  backlash  is  used.  Axle  angular  acceleration  derived  from 
angular  velocity  is  plotted  against  airplane  velocity.  The  agreement  be- 
tween analysis  and  test  data  is  fairly  good  at  all  voloolties.  However,  at 
100  and  120  mph,  the  analytical  responses  are  at  the  wheel  imbalance 
driving  frs(iuoncleB  (35  and  42  Hz,  rather  than  at  the  shimmy  frequency  of 
22  Hz,  as  observed  in  the  test  results.  A steering  actuator  stiffness  of 
50,000  ln-#/rad  is  used  for  these  analyses,  rather  than  the  IBOOO  in-#/rad 
shown  in  Table  2,  The  lower  stiffness  value  will  result  in  a 2.2  Hz  diver- 
gent instability  at  120  mph,  with  good  correlation  at  the  lower  velocities. 
Therefore,  depending  on  what  value  of  actuator  stiffness  is  employed,  the 
120  mph  analytical  results  will  agree  with  the  test  results  either  in  terms 
of  response  amplitude  or  response  frequency,  bvit  not  both,  (if  free  shimmy 
is  analyzed,  the  correct  shimmy  response  frequency  of  22  Hz  results  for  a 
broad  range  of  actuator  stiffneBses) . 
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PIOURE  52  - COMPARISON  OF  TEST  AND  ANALYTICAL  PASSIVE  SYSTEM  RESPONSES 
WITH  WHEEL  IMBAIANCE,  EXTENDED  GEAR  POSITION 
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Figure  shows  the  same  information  for  the  active  system,  with  the  gear 
in  the  extended  position  and  nominal  backlash.  In  this  case,  the  correla- 
tion is  fair  from  40  to  100  mph,  but  at  120  mph  the  analysis  indicates  a 
much  larger  response  than  that  observed  during  testing. 


Flgui’es  54  and  55  show  the  correlation  results  forthe  passive  and  active 
systems  for  the  mid  gear  position  with  increased  torsional  backlash  (+0.024 
rad.).  The  results  are  very  similar  to  the  extended  gear  findings;  the 
passive  system  correlates  rather  well  at  all  velocities  while  the  active 
system  analytical  results  are  too  high  at  the  high  velocities. 


For  these  mid  gear  position  analyses,  the  estimated  tire  parameters  shown 
in  Table  2 produce  high  negative  tire  energy  Inputs  to  the  system.  In  parti- 
cular, the  passive  system  is  divergently  unstable  at  80  mph  and  above. 

Since  no  tire  parameter  test  data  of  the  type  needed  for  shimmy  analysis  was 
available  for  the  tire  used,  estimates  of  the  tire  data  were  made  using 
empirical  equations  from  Reference  2.  The  analytical  results, when 
with  the  test  results,  indicate  that  the  t-rngnitude  of  the  tire  otiffness  as 
obtained  from  Reference  2 may  be  high.  Because  most  of  the  test  data  which 
formed  1;he  basis  of  the  empirical  equations  contained  in  Reference  2 exhibit- 
ed c Of  1 Bide] 'able  scatter,  reduced  values  of  the  tire  parameters  obtained  from 
thft  oquations  are  Juetiflcid  and  are  used  for  the  correlation  studies, 

'L’to  ti  I’c  parameters  may  also  contribute  to  the  poor  correlation  encounter- 
ed with  the  active  system  at  120  mph.  In  the  analysis,  the  tire  acts  us  a 
source  of  energy  to  the  system  at  120  mph.  Since  driven  shimmy  tests  were 
not  performed,  it  is  unknown  whether  the  real  tire  served  as  on  energy 
source  or  sink.  However,  if  the  tire  actually  absorbed  energy  at  120  mph, 
that  could  explain  the  low  magnitude  of  the  test  response  (relative  to  the 
analysis)  at  120  mph  for  the  active  system. 

nils  would  imply  that  a "correct"  set  of  tire  parfonetere  would  lower  the 
analytical  responses  ut  120  mph.  However,  this  would  also  hold  true  for 
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PICfURE 


- COMPARISON  OP  TEST  AND  ANALYTICAL  ACTIVE  SYSTEM  RESPONSES 
Wira  WHEEL  IMBALANCE,  EOTENDED  GEAR  POSITION 
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mURE  55  - COMPARISON  OP  TEST  AND  ANALYTICAL  ACTIVE  SYSTEM 

RESPONSES  WITB  WHEEL  IMBALANCE,  MID  OEAR  POSITION 
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the  pusslve  system  which  currently  correlates  fairly  well  at  120  mph. 

In  the  passive  system,  the  added  energy  absorption  of  the  tire  could  be 
offset  by  lowering  the  actuator  stiffness  back  to  around  I8OOO  ln-#/rad, 
as  estimated  in  Table  2.  Thus,  both  the  passive  and  active  systems  would 
correlate  well  at  high  velocity  If  the  tire  actually  absorbs  energy. 

Another  consideration  relative  to  deterioration  in  correlation  of  the  active 
system  at  the  higher  velocities  is  the  use  of  wheel  imbalance  to  induce 
torsional  motions  in  the  gear*  Classically  in  shimmy  analysis  the  fore 
and  aft  mode  is  neglected  because  the  lateral  and  torsional  modes  dominate* 
Accordingly,  the  analysis  used  in  the  program '.does  not  include  the  fore 
and  aft  mode*  Wheel  imbalance  imposes  fora  and  aft  loads  on  the  gear, 
which  result  in  torsional  motions  due  to  the  lateral  offset  of  the 
imbalance.  Thus,  the  fora-aft  and  torsional  gear  mucions  are  coupled  via 
the  wheel  imbalance  forcing  function  as  well  as  any  mechanical  coupling  that 
may  exist  in  th<^  gaar*  In  the  case  of  a passive  system,  this  coupled 
response  has  a secondary  effect  on  the  onset  of  shimmy, since  fore«aft  gear 
motions  are  not  as  significant  as  lateral  motions  in  producing  tire  fbroes* 
However,  with  the  active  system  the  torsional  accelerometer  will  be  exposed 
to  the  coupling  which  may  result  in  altering  the  feedback  signal  by  a shift 
in  phasing  over  what  would  be  expected  frotti  only  the  lateral  and  torsional 
modes.  The  change  In  signal  can  be  either  favorable  or  unfavorable  in 
suppressing  the  response  of  the  gear,  and  the  effect  should  be  more  signi- 
ficant at  high  velocities.  (This  fore-aft  gear  loading  could  have  been 

eliminated  from  the  shimmy  tests  by  using  equal  weights  on  opposite  sides  of 
the  rim,  located  100°  apart). 

The  use  of  wheel  Imbalance  as  a means  of  providing  data  for  correlation  of 
analytical  and  test  results  of  gear  response  In  evaluating  its  shimmy 
characteristics  does  not  provide  stability  margins  as  does  the  driven  shimmy 
testing  method,  and  also  the  analysis  may  I'equire  the  Inclusion  of  the  fore- 
aft  degree  of  freedom  of  the  gear* 
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To  aid  in  explaining  some  of  the  oheerved  results  of  the  active  system  teste, 
a simplified  analysis  of  a linearized  system  was  developed  and  Is  presented 
In  Appendix  E.  In  particular,  the  variation  of  the  free  shimmy  response 
frequency  with  feedbach  gain  and  the  creation  of  modes  associated  with  the 
active  system  are  discussed. 
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CONCLUSIONS  AND  RECOMMENDATIONS 


Conolmlon> 

It  The  haalc  passive  system  shimmies  at  velocities  above  6o  mph  In  the  ex> 
tended  gear  position,  as  veil  as  in  the  mid  position  vlth  increased  tor- 
sional backlash.  This  susoeptlbllity  to  shimmy  Is  the  result  of  a shimmy 
damper  which  behaves  as  a soft  spring  with  minimal  damping  at  the  shimmy 
frequency  (22  Hz.). 

2.  The  analytical  model  used  In  this  program  correctly  predicts  the  shimmy 
tendencies  of  the  passive  system.  Quemtltatlve  response  comparisons 
between  teat  and  analytical  results  with  wheel  Imbalance  show  good  agree- 
ment In  amplitude,  but  at  100  mph  and  above,  the  analytical  response  Is  at 
the  driving  frequency  while  the  test  response  is  at  the  shimmy  frequency. 

3.  All  versions  of  the  active  shimmy  control  system  tested  prevented  shimmy 
even  with  vlieel  Imbalance  and  more  thon  twice  the  nominal  torsional 
backlash. 

4.  Careful  shaping  of  the  feedback  control  signal  is  necessary  to  prevent 
undeslred  high  frequency  oscillations.  This  signal  shaping,  accomplished 
with  a Brldged-T  notch  filter  tuned  to  160  Hz,  must  be  done  during  the 
shimmy  test  program.  The  analytical  model  is  not  sufficiently  precise 

to  predict  potential  problems  from  higher  frequency  structural  modes. 

5.  In  addition  to  preventing  shimmy,  the  active  control  system  redvices  the 
response  of  the  gear  to  wlieel  imbulonoe  relative  to  the  passive  system. 

(5.  The  active  shimmy  control  syotem  is  stable  at  more  than  twice  the  nomi- 
nal feedback  gain  employed)  hence,  the  system  as  tested  has  6 dB  gain  margin. 

7.  With  zero  feedback  gain,  the  active  control  system  still  has  positive 
shimmy  damping,  although  Its  damping  performance  Is  quite  poor. 

8,  The  analytical  model  predicts  the  observed  shimmy  suppression  capabilities 
of  the  active  control  system,  but  quantitative  response  comparisons 
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are  only  in  fair  agreement  at  velooitiee  atove  00  mph 


ReuommetiAationa 

It  is  recommended  thats 

It  I'he  active  system  analytical  model  be  further  refined  to  predict 

system  responses  more  accuratelyt  IThe  refinements  to  be  investigated 
Include  fore-aft  gear  response  and  separate  fuselage  fore-aft  and 
lateral  degrees-of-freedomt 

9.,  Further  testing  and  analysis  be  performed  to  assess  the  limitations  of 
the  present  active  control  system*  In  particular;  its  performance  vith 
various  signal  failures  should  be  determined  over  a vide  range  of  oper- 
ating conditions. 

3.  A fail  safe  concept  be  developed  and  incorporated  into  the  breadboard 
system  design  to  remove  the  operational  limitations  of  the  present 
system. 

4.  After  the  above  has  been  completed;  an  active  control  system  suitable 
as  a fll(^t  test  prototype  for  the  T-37  designed  and  built. 

5.  This  system  be  flight  tested  with  various  degrees  of  degraded  gear 
maintenance. 

6.  The  feasibility  of  providing  active  shimmy  control;  in  conjunction 
with  electrical  steering  commands;  for  larger  airplanes  be  investigated. 

7>  Wheel  imbalance,  If  ueed  as  a means  of  inducing  torsional  response  In 
single  wheel  shliiuny  tests,  be  Installed  such  that  fore  end  oft  motions 
are  not  introduced. 


APPENDIX  A 


OPERATION  AND  MAINTENANCE  INSTRUCTIONS 
ACTIVE  SHIMMY  DAMPER  SYSTEM 

A,  Installation  of  Nose  Oear  Assembly  in  Airframe 

1.  Inflate  tire  to  35-50  psi. 

2.  Pre-preosurlse  shock  strut  air  pressure  to  desired  pressure 
(approximately  55  psi  vlth  strut  extended/no  load)t 

3.  Remove  1"  dla.  trunnion  pins  from  Oear  Assembly. 

4.  Install  1/2"  dla.  bolts  (installation  tools)  In  trunnion  pins 
from  outboard  ends. 

5.  Lift  Oear  Assembly  into  airframe.  Push  R.H.  (side  adjacent  to 
steering  actuator  piston  rod  attachment  to  yoke)  trunnion  pin 
thru  airframe  bushing  and  gear  yoke. 

6.  !3tart  L.H.  trunnion  pin  through  airframe  bushing  and  seven  l" 

I.D.  washers  between  airframe  and  gear  yoke, and  Into  yoke. 

7.  Align  the  3/16 "diameter  holes  for  retaining  screws  thru  yoke 
and  trunnion  pin.  Install  10-32  retaining  screws  Into  one  side 
of  trunnion  pin,  unscrew  l/s"  diameter  bolt  (installation  tool), 
and  finish  Installing  10-32  retaining  screw  thru  yoke  and  trunnion 
pin.  (Two  places), 

6.  Install  Drag  Link  at  upper  end  to  airframe.  Connect  Dri-ig  Link  at 
lower  end  to  Oear  Assembly. 
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9,  Connect  pressure  and  return  hydraulic  lines.  (Wote;  T.ocate  accuiua- 
lators  in  pressure  and  return  lines  as  close  as  practical  to  Gear 
Assembly.  Pre-charge  air  pressure  Im  accumulators  as  follows! 

Pressure  Acoum.  - 800  psl  Return  Acoum.  - 25  pel 


10.  Connect  electrical  cable  connectoro. 


NOTE!  Hydraulic  System  Pl^ild  MIL-H-5606 

Hydraulic  System  Operating  Pressure  15OO  psl 

Locate  pressure  line  filter  as  close  to  test  as  possible 
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B.  Changeover  Procedure^  Passive  to  Active  Damper  Configuration 

(Note:  If  accessible,  It  should  not  be  necessary  to  remove  Dear  Assem- 
bly from  airframe  to  accomplish  configuration  changeover). 

Figure  A-1  is  a layout  drawing  of  the  system  showing  the  part  numbers 
referred  to  herein. 


1,  Disconnect  pressure  and  return  flex  lines  from  aircraft  steer- 
ing actuator.  Cap  pressure  port,  plug  flex  lines, 

2,  Disconnect  connector  to  ^P  transducer, 

3,  Remove  throe  alien  head  screws  holding  3L  19^2  LVOT  Bracket  to 
3L  i960  Manifold  and  let  Bracket  hong  on  LVDT  probe. 

4,  Remove  Jam  nut  holding  SL  I963  Brace  to  bulkhead  fitting  in 
return  port  on  aircraft  actuator,  . 

Remove  four  screws  holding  SL  I963  Brace  to  SL  i960  Manifold 
(3  Allen  head,  1 slot  head)  (Note:  Slot  Head  screw  location 

required  for  oleorEUice,  left  front,) 

Remove  SL  I963  Brace, 
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5t  Remove  lower  bolt  aiid  drop  Drag  Link  from  gear. 

6.  Loo#en  two  3L  I961  Bolts  holding  SL  i960  Manifold  to  aircraft 
actuator. 

Loosen  two  bolts  evenly  together  l/2  turn  at  a time.  Do  not 
remove  bolts  from  SL  i960  Manifold,  remove  .Manifold  and  Bolts  as 
an  assembly  from  aircraft  actuator.  Watch  for  loose  springs  and 
orifice  poppet  valves  as  Manifold  and  Bolts  are  removed. 

7.  Remove  springs  and  aircraft  orlfloe  poppet  valves. 

8.  UsjAg  #6-32  screw  provided  as  tool,  install  SL  1966  plugs  in 
place  of  orlfloe  poppets. 


9.  Remove  and  replace  two  MS  28775-012  "0"  Rings  and  Back-Up  Rings 
forming  face  seal  on  SL  I96I  Bolt  between  Manifold  and  aircraft 
actuator. 

10.  Re-Install  two  aircraft  springs  and  Manifold/Bolt  Assembly.  Tlffhten 
bolts  evenly  together  I/2  turn  at  a time  to  bolt  SL  i960  Manifold  to 
aircraft  actuator. 
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11,  Re-connect  drag  link  to  dear  Assembly. 

12.  Re-inetall  SL  I963  Brace  on  SL  i960  manifold  using  bulkhead  fitting 
Jam  nut  and  four  screws.  (Notes  Location  of  one  slot  head  screw 
required  for  clearance.)  Cap  return  port  on  aircraft  actuator, 

13,  Re-lnetoll  SL  I962  LVOT  Bracket  and  adjust  LVJfl!  Body  position  to 
center  radially  on  probe. 

14.  Remove  SL  1972  Cover  Plate  and  install  Model  31  Moog  Servo  valve. 
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15«  Connect  pressure  and  return  lines  to  P & R ports  on  3L  i960 
Munifold. 

16.  Remove  aircraft  feedtaok  linkage  as  follows: 

(a)  Remove  cotter  key  and  pivot  pin  from  linkage  connection  to 
valve  spool. 

("b)  Remove  phllllps-head  center  pivot  screw  (watch  for  loose 
Washer  & bushing). 

(0)  Slip  feedback  linkage  fork  off  of  pin  on  pilot  Input  ring. 

17.  Connect  electrical  cable  to  Moog  valve.  Connect  electrical  cable 
to  Ap  transducer. 

Ports  Kit  (Oear  Assembly  In  Passive  Configuration) 

1 each  Filter 

S each  Accumulators  - 1 Press 

1 Return 

2 each  l/4"  Hoses 

2 each  l/s"  Bolts  for  Trunnion  Pins 
2 each  l/4"  Hydraulic  Fitting  Caps 
2 each  l/4"  Hydraulic  Fitting  Plugs 
2 each  SL  I966  Plugs  to  replace  orifice  poppets 
2 each  Set  SL  Drawings 

1 each  Model  3I  Moog  Servo  Valve  with  Dust  Cover 

4 Sets  "0"  rings  and  back-up  rings  for  SL  i960  Manifold 

2 each  Drag  Link  Bolts  (Attach  to  Steel  Jig) 

2 each  Drag  Link  Bolts  (for  attaching  upper  end  to  real  aircraft 
airframe  ) 


110 


..  1...,  . 


2 each  #6-32  Screws,  approximately  2"  long  for  installing  SL  1966  Plugs 
10  each  1"  I.Dt  Washers  (Use  7) 

4 each  Zip  Plastic  Bags 
1 each  1/16 "Safety  Wire  Hook 
1 each  Roll  Tape 


1 each  Epoxy  Kit 


APPENDIX  B 


CIRCUIT  DIAGRAM,  ACTIVE  SHIMMY  CONTROL  SYSTEM 

Figure  B-1  is  an  electrical  circuit  diagram  for  the  final  configuration 
of  the  active  shimmy  control  system.  All  test  Instrumentation  electronics 
are  Included.  Ttie  Brldged-T  notch  filter  added  during  the  shimmy  tests  is 
also  shown.  An  explanation  of  the  flinctions  of  the  various  circuits  Is  con- 
tained in  the  section  entitled,  "ACTIVE  SHIMMY  CONTROL  SYSTEM  DESCRIPTION". 
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APPISNDIX  C 


afUMMy  TEST  0?IMB  HISTORIES 


Contained  in  this  section  are  time  history  traces  of  selected  portions  of 
the  more  pertinent  shimmy  terts.  These  plots  were  obtained  by  processing 
the  FM  tape  recording  from  the  shimmy  tests*  Table  C-1  summarises  the  runs 
presented*  For  the  active  system  tests,  only  data  for  the  final  Bridged-*T 
notch  filter  configuration  1s  shown,  with  the  nominal  feedbaolt  gain 
(Kg(  ■ 0*7).  Cnly  velocities  of  80  nq?h  and  above  are  presented.  Table  C-2 
contains  a description  of  the  quantities  that  are  plotted  for  each  run. 

On  the  time  history  plots,  the  expression  "FIELD  FUN  XX"  refers  to  the 
shimmy  test  run  number  shown  In  Table  C-1.  The  expression  "RUN  XX"  Is  for 
Loclcheed  reference  only. 
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TABLE  C-1 

1 PLOT  SUMMARY 

I'i 

Baoklai^ 


Nominal 


Wheel 

Imbalance 


10  in«oz 


Inoreaied 


Nominal 


Inoreaied 


10  In-o* 


Middle 


10  In-o* 


rY'Ht'  ■ ■•If 


LIABLE  G-2 

PLOT  TIME  HISTOHT  DESCRIPTION 


Quantity 

Uhlta 

Deaorlption 

CMD^  ' 

Inchea 

Electrical  ateerlng  command  algnal  expreaaed 
In  terma  of  actuator  displacement 

4x 

Inohea 

Actuator  dlaplaoement 

D2niEI!A/ET® 

rad/ aeo^ 

Axle  angular  acceleration  about  steering 
axis 

D THETA/DT 

rad/aeo 

Axle  angular  velocity  about  steering  axis 

THETA 

rad 

Axle  angular  position  about  steering  axis 

4p 

p*s»l* 

Actuator  pressure  differential 

* This  quantity  plotted  for  active  ayatem  runa  only 
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IMCLtl  RUN  ttb  PRilStVE 


TEST  ehb17  RUN  7 Ifl  3EP.  75 
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TEST  0bb17  BUN  1*^  Ifl  SEP  ’« 


126 


nimvi"  HND  pnyijivi'.  tiiiiMMY  ii-iL-iTfj 

Fiiun  RUN  111!] 


rr;Lii  Sh'm>  hiin  i 


111  Hl-P  /!i 


cm) 

n.Ui.’  lNt;HE!i/DlV 


AX 

ii.rii'  iNi;m)‘i/i)iv 


.... ...... .. 

■ i-  '■■  ■ • 


fi  i.i 


D*  rnun/i)t' 
Kflo/si-i:»  /niv, 


I)  1MI  m/ui 

,ri  «nij/iiM:/i)rv  , 


1 1»:  I n 

wnoinN'i/n(v 


N' 


Montis 


I ' ■,  -1. 


inn  f'fwn/Dtv 


I I I I I I ■ I I I I I • I I I I I I I ( I I I I I I t I I I ■ t 
h .A  IK  l.i'  l,«  l.h  l.n  i>  II  i'  |i  C.4  ^,b  I'.A  .1.11  l.f  »,<  1,k 


!il  i:UNI)!i 


131 


: .'f'  * .'*’1^^'  I' 


mri  jvk  riNH  f'hwijIvi:  niiiMMY  iKirrin 

n i-:i.ii  Ml  IN  iii'i 


1}  iiiMn/i)i 
.'j  wnrj/!ii;(:/(iiv 


nil  10  •! 

nniii’i  nnoioNiiffliv 


m.:iivi-  HNO  Iihimmy  T[:-.HTi:j 

nn.u  uiiN  \'fo. 


ii-.nr  i’h'iiv*'  k'ijN  ii  ih  nr:i’  /'i 


D"  Tin;  in /in ' 
r.TJiJ  wnu/iii.i:'’ 


/niv 


0 nil. in /II I 
.lA  wnii/';iti;/iiiv 


m;i  ivi:  hnu  pm-iii  [ vi,-;  liiiiiMMY  iiri-iU'i 

ni:iii  ttiiN  ir.i 


l.lflU 

n.m?  iNiiiinn/uiv 


M 

n.ni’  iNi:iiK!i/niv 


i)»  rutin/oT' 

Him  /uivj 


0 rni  in/nr 
,!i  wnu/!)FC/inv  „l 


nif  in 

rj.mi‘1  wni]inN!i/uiv' 


/M' 

'■ill  ram /I)  IV 


TKFit  i’h'tiy.'  k'DN  ii:i 


iij  rii'P  y.i 

■ V i“  ■ I • I : — I-  1-1  ■■  r ■ T ' 


mn'.ivi;  nNfj  i-'nnin  vi-  TjHimmy  Tr;j-;iT'j 

1 1 1- 1.1 1 k'liN  r/'i 


D.lli?  INCIIKIl/DIV 


Tl-';il  MIJN  11 


III  Mi;P  /'j 


- 1 . : 

, 1 .1. 


• ■■■1 
1-1 


I - r r V ■■  ■ 


AX 

II. IIP  iNi;iini/mv 


t)<’  THKTn/rji' 

i?iiii  Bno-'iii  r;*  /niv,,' 


i)  iiiiin/in 

.5  KMUl/:;il;.l,:/l1IV  f 


III!  1 n 

11,111  wiinmN!i/iM  V I. 


1.1  t.;l  l.-i 

i:ii  i;tJNi)!i 


lUO 


AITSNDZX  D 

AKALfTICAL  MQDIL  £QUAn01B 

Thli  ftpptudlz  contain!  the  eqiuntioni  ot  notion  rciultlng  from  the  nnalyti- 
enl  model  of  the  Active  Shimmy  Control  Syetea  deeerlbed  In  the  nnln  body  of 
the  report.  Iheie  e^untlone  arm  divided  into  two  emetionat  initial  oot^i- 
tlone  are  the  caleulatlone  perforaed  only  Onom  par  run  involving  quantitiei 
independent  of  tiaa»  and  the  time  varying  eg[uatione  involve  qpantltief 
that  change  with  tine. 

With  the  Contimoua  ayetem  Mcdeling  Program  (CSKP)  language  ueed>  the 
aequence  of  eomputationa  for  the  time  varying  equntiona  la  deterained  by  the 
tranalator  vhloh  tranalatea  the  C8KP  program  into  a FOBTBAlf  program  for  com- 
pilation and  execution.  Therefore,  the  aequence  of  equatlona  ahown  herein 
haa  no  algniflcanoe.  It  ia  appropriate  to  think  of  all  theae  equatlona  aa 
being  aolved  aimultaneoualy  aa  they  are  on  an  analog  oonputer. 

Table  0-1  ahora  a deaoriptlon  of  the  CSMP  apecial  funotlona  uaed  in  the  pro- 
gran*  The  nomenelature  for  the  equatlona  ia  the  aame  aa  deacrlbed  in  the 
aeotion  AMLmCAL  MODEL  DESCRIPTXQW. 


InltUl  Oondltlont 


V - 86*12/60*»VICm 

PI  ■ 3.14159265 

W1  • M»386 

MW  ■ 

IIMM  > ITK«^IPH-MW»MW 


lAIACC 

■1 

H*IH)D/386 

MUNB 

■ 

UMB10»R1MW»(  ( V/R  )<«»2  ) /32/3S6 

MZUNBL 

■ 

MUNB*81N(V*T1MH1/R) 

KXUMBL 

■ 

MUNB<^8IN(  V»T1MB!/R-P1/2  ) 

PHDS 

■ 

DSADSP(«DIH,DW,PK) 

MW 

■ 

KPK*WDS 

MWD 

■ 

BPHttRiD 

PS 

■ 

mph/H 

YB 

• 

Y dalAytd  by  Z*HS/V 

TO 

m 

( -y-K  8O'««-L-Lo)*TH+(H+R)#HI)#v/S0 

FT 

m 

( Y+YB*f2*(  L+LO  )*TH-2*(  H+R)<»PH  )#KT 

MT 

m 

(Y-YB-2*H8«TH)*KM 

ALT2 

m 

AL-T2 

ALT2Q 

m 

AU3-T2D 

TT 

m 

m-Ti 

TIAL 

m 

Tl-AL 

TIAWS 

m 

DPAD8P(  -DAL, DAL, TIAL) 

TTDS 

m 

DEADSP(-DTH,DTH,TT) 

TTD 

H 

THD-TID 

1U6 


TTl 

« T1-T2 

TTID 

• T1D-T2D 

AT 

> AL-ALl 

nJIMDD 

(OMB»A*<»2)#CMPXPL(0,0,ZS!TAA,  omeoaa,  thdd) 

TKMD 

,3#rEAIPL(0,.1,THMDD) 

OHM 

.1*RBA1^L(0,.1»  THMD) 

XC 

aiSMAL^THMDD 

ALT2PP 

LEDIAQ  (P1,F2,XC) 

ALT20 

ALT2PP 

B7.IA0 

( -BL4QftRT(ABS(BL<^BL-4*^BH<^FKAL) ) )/( -2*BH) 

BEXAD 

( -BL4fiQRT(AB3(BL#BL44*BH*FXAL) ) )/( 

BETA 

AL1-T2 

ALIU 

BETAD-rtSD 

ALl 

intghl(alio,alid) 

FK 

KTH*TTD3 

FKAL 

KALP*AT  BmiIV# 

FKAL 

K3*INTQRL  (0,,  Xll)  Active 

Xll 

X9-X10-K6*FKAL 

XIO 

-K4*ALT2D 

X9 

X4*X8 

X8 

S1GN(X7)*3QRT  (ABS(X7)) 

X7 

X5-x6 

X6 

K5*FKAL 

X5 

K2*LIMIT(-1/K2,  1/K2,  X2) 

X4 

ABS(X3) 

X3 

LIMIT  (-1,1,X2) 

X2 

K1*0MB0AS**2*CMPXP1<0,0,ZETAS , OMEGAS, XI) 

XI 

ALT2C  + K7*ALT2 

lUT 


FKAL  0 
PKAL>  0 


OP  ■ CPI  + 0P2*ABS(PS) 

CP  ■ CPI  + 0P2*ABS(PS) 

FCP  ■ INSW(TID,-CP,CP) 

POP  - iNsw(rriD,-cp,cp) 

PCA  > XNS14(ALT2D,-QA,CA) 

PKOC  ■ KOC*TUU3S 

PFUB  ■ KP*^T2  -f  BI^T2D 

SPH  ■ -X^VMTHD-Wl^L^TH-W^IP^ffl  -HffiH  + MIHD 

-(H+R)*PT  - (H+R)*PZ<*IH4<L+La)#PZm-M)aJNBL 
8TH  ■ I*V/r<»PHD  +PK  4rOP  +(L+LO)m-MT-M5UNBL 

PHDD  ■ ( 

THDD  ■ (-.IFH<»aTH-MUli^BHl)/lIMM 

TIDD  ■ (FCP+PK-PCF-rKOC)/imi 

T2DD  • (FCP-»FCA+FKAL-PFUS)/lTHg 

AMD  ■ (PK00-FKAL-PCA)/1AL 

Kf  - 1NTQRL(PH0,PHD) 

PHD  ■ IKTORL  (PHDO.PHDD) 

TO.  ■ INTORL  (mo,  THD) 

THD  » INTORL  (THDO,  THDD) 

T1  • INTORL  (TIO,  TID) 

TID  ■ INTORL  (T1D0,T1DD) 

T2  - INTORL  (T20,  T2D) 

T2D  ■ INTORL  (T2D0,  T2DD) 

AL  • INTORL  (ALO,  ALD) 

AID  - INTORL  (AIDO,AIDD) 

Y ■ INTORL  (YO.ro) 
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TABUS  D-1  C8MP  8PEC1AI.  FUItCTXOira 


OBMRBAIi  70BM 


FUNCTION 


NTECRATOR 


Y • REALPL  UC,  P,  X) 

Y 10)  - 1C 


1ST  ORDER  LAG  (REAL  POLE) 


Y • LEDLAO  (Pj,  P^.  X) 


LEAD -LAG 


Y-CMPXPLUCj,  ICg,  Pj,  Pg,  X) 

Y (0)  • ICj 

V (0)  • 1C, 


2ND  ORDER  LAG  (COMPLEX  POLE) 


Y - INSIV  IXj,  Kg.  X^) 
INPUT  SWITCH  (RELAY) 


Y ■ LIMIT  iP^,  Pj,  X) 


LIMITER 


Y ' OtAOSP  IPj.  Pj,  XI 


dead  space 


Y-/pXtlHIC 

E(3U  I VALENT  LAPLACE  TRANSFORNL  | 


PV  + Y • X 


EQUIVALENT  LAPLACE  TRANSFORM:  j 


Pg'i'  + Y-Pj^C  + X 
EQUIVALENT  LAPUCE  TRANSFORM: 

P.S  + l 


Y + EPjPgV  + PgY  - X 


EQUIVALENT  LAPLACE  TRANSFORM: 


S‘  + 2PjP2S  + P 


Y • X, 


Xi<  0 
Xj2t0 


• Y 


The  aharacterlBtlc  aquation  for  tho  system  Is 


('-Ka  \ 

-r-y 


Ja*^  + KjKqS  + % 


^/j 


+ KqS  Hi  1, 


Jts  + 1 


vhara 


%uin 

2 

Prom  the  oharaoteristlo  equation,  it  is  observed  that  the  Valvie  of 
K(j  directly  controls  the  damping  of  the  spring- Inert  la  resonant  modn» 
For  the  case  of  a resonant  mode  at  22  H*  or  138  radians,  a Kq  gain  of 
0.007S5  provides  a damping  ratio  of  O.5O. 


The  above  simplified  model  and  analysis  served  as  a basis  for  selec- 
tion of  tho  acoelerometer  feedback  configuration  employed  in  the 
active  shimmy  control  system.  Note  that  the  tire  dynamics  ore  omitted 
from  the  model  which  alters-  tho  resonant  frequency  only  slljjhtly, 
and  adds  negative  damping  vinder  certain  conditions » The  positive  damp- 
ing from  gear  friction  Is  also  ignored. 

Expanded  Model 

The  simplified  model  is  expanded  to  include  accelerometer  and  valve- 
actuat-jr  dynamics, position  feedback  on  the  actuator  for  electrical 


bteerlng  and  provisions  for  electronic  compensation,  •nils  expanded 

block  diagram  is  shewn  in  Figure  E-1.  Again,  tire  and  gear  danrping  are 
not  Included  in  order  to  focus  on  the  characteristics  of  the  active  system. 

The  lumped  inertia  of  the  torsional  mode  (j)  is  selected  as  0»7 
In-lb/rad/sec^,  based  on  laboratory  measxirements*  The  luixgped  spring 
rate  of  the  torsional  mode  (Kji)  is  1*^  X 10^  ln.lh«/rad«,  producing  an 
undamped  torsional  frequency  of  23*^  Hz  or  l^i'T  radians/sec  in  agreement 
with  laboratory  and  dynamometer  test  results.  The  accelerometer  transfer 
function  la  approximated  by  a second  order  system  vlth  an  vindamped  re- 
sonant frequency  ( of  1000  rad/seo  and  damping  ratio  ( of  0t8 
to  match  laboratory  frequency  response  tost  results. 

It  is  initially  assumed  that  the  actuator  dynamically  produces  an  actuator 
rate  In  proportion  to  valve  flow  so  that  the  combined  valve  and  actuator 
transfer  function  can  be  approximated  by  the  valve  responae  characteris- 
tics alone.  This  assumption  Ignores  the  valve  flow  rate  degradation  vlth 
load  pressure,  the  fluid  oompreesiblllty  and  leakage  effects,  all  of 
which  are  of  minor  importance  for  the  conditions  tested.  Using  the 
supplier's  data, the  valve  transfer  function  Is  approximated  by  a second 
order  system  with  an  undamped  resonant  frequency  (w„y)  of  1000  rad. /sec. 
and  a damping  ratio  ( Hy)  of  0.65. 

The  root  locus  for  this  system  with  no  compensation  end  a nominal  posi- 
tion loop  gain  (Kfi,)  of  82  Is  shown  in  Figure  E-2.  It  is  observed  that  a 
Kq  of  0,0063  (corresponding  to  ■ 1,  where  Kq,  is  the  feedback  gain 
parameter  used  during  the  shlrainy  tests)  yields  a modified  torsional 
mode  frequency  of  16  Hz  with  a damping  ratio  of  0,1+2,  while  the  next 
higher  frequency  mode  created  by  the  active  system  7 Hz)  Has  a damp- 
ing ratio  of  0,62,  The  system  gain  margin  is  4 (at  Kg  ■0.0252,  the 
67  Hz  mode  has  increased  to  88  Hz  with  0 damping).  Excellent  response 
and  damping  nharactei Istics  are  obtained  with  this  configuration. 
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Model  Refinement  and  Correlation  with  Experimental  'fast  Results 

Ilaboratory  teats  on  the  breadboard  system  Indloated  tY at  the  steering 
actuator  characteristics  produced  some  degradation  In  dynamic  response 
of  the  combined  valve  and  actuator  as  compared  to  the  original  estimates* 
The  predominant  eouroea  of  this  degradation  were  not  speoifloally  ldentl>^ 
fled  but  Include  such  factors  as  dynamic  seal  leakage  and  stiffness , 
mounting  stiffness,  and  hydraulic  line  and  port  characteristics*  To 
approximate  the  high  frequency  dynamics  measured  in  the  laboratory,  the 
valve  and  actuator  quadratic  in  the  active  system  model  was  modified  to 
a resonant  frequency  ( <^nv)of  750  rad, /sec,  with  a draping  ratio  ( ty) 

of  0,65. 


During  dynamometer  testing  at  Wright  Field,  a structural  mode  at  approxi- 
mately 160  Hz  was  observed  In  the  response  data  which  was  amplified  by  the 
active  system  with  Kq  gains  as  low  0,00109*  A 5*14  to  1 brldged-T  elec- 
tronic coiqpensatlon  network  was  added  to  the  active  system  to  attenuate 
this  mode  by  essentially  replacing  the  mode  by  two  real  poles  with  the 
same  undamped  resonant  frequency,  'Bils  compensation  network  has  the 
following  transfer  function,  Vhlch  Is  shown  plotted  In  Figure  E-3* 


^.s  + 


2^D  B + 1 


where 


■ 1127  rad,/sec. 
• o*25‘7 


- 1*32 


The  addition  of  these  modifications  to  the  block  diagram  shown  In 
Flgui'e  E-1  produces  a simplified  linear  approximation  to  the  final 
configuration  actually  tested  on  the  Wright  Field  dynamometer. 

The  root  locus  for  this  refined  system  model  Is  shown  in  Figure  E-4, 
The  locus  Is  based  on  the  assumption  that  the  compensation  network 
numerator  quadratic  effectively  cancels  the  structural  mode  quadratic 
leaving  the  compensation  network  denominator  quadratic  in  the  resulting 
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ROOT  LOCUS  OP  REPINED  ACTrVB  SHIMMY  SYEfTEM  MODEL  AS  A 
FUNCTION  OP 


1 


aystem  model 


The  looua  Indloetes  that  tlie  Kq  aeleoted  for  the  final  dynamometer 
rune  (0.0044l)  la  near  optimum  (maximum  daiqplng)  and  modlflea  the 
toralonal  mode' ' to  a damped  natural  f req,Uenby  of  approximate  36  Ha 
(compared  to  about  32  Hz  ohaerved  in  teita)  with  a damping  ratio  of 
0»3^>  ^e  lover  frequency  mode  created  by  the  active  ayatem  for  thla 
value  of  haa  a damped  natural  frequenny  of  I6  Hz  (16  Hz  obaerved) 
with  a damping  ratio  of  0*;;4*  The  locue  further  Indlcatea  that  the 
ayatem  haa  a gain  margin  of  ellghtly  greater  than  3 and  will  go  un- 
atable  at  a frequency  of  approximately  53  Hz.  All  of  thaae  reaulta 
correlate  well  with  the  actual  dynamometer  test  reaultaj  particularly 
considering  the  degree  of  simplification  associated  with  the  linearized 
analytical  model. 
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